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Amorphous metallic alloys, also called as glassy alloys or metallic 
glasses have drawn the attention of scientists, engineers and technologists 
alike, because these alloys possess a variety of highly desirable properties 
(electrical, magnetic, mechanical, thermal, etc.,) useful in industrial and 
scientific work. For example, transformer cores and laminations made of iron 

based metallic glasses (P e 78®l3®^9 ? ^ e 81^13^^4^2 ! *' e 82®10^*8 ! e *' c *») have higher 
efficiency, lower cost and considerable energy saving potential. The properties 
of an amorphous alloy are determined by its atomic structure and both are very 
sensitive to heat treatment. On annealing it tends to relax and become denser by 
atomic rearrangement, which in turn is controlled by the diffusion of the atoms 
through the amorphous structure. Therefore a knowledge of the atomic transport 
or diffusion in metallic glasses is important in understanding the changes 



occurring in these structure-sensitive thermal, electrical, magnetic and 
mechanical properties. 

The first diffusion experiment performed on metallic glasses was reported 
by Gupta et. al. in 1975. Since then, there has been a steady increase in the 
volume of diffusion data and these have been reviewed from time to time 
[ Luborsky 1983: Cantor 1985: Mehrer and Dorner 1989 ]. In most cases the 
Arrhenius dependence of the diffusion coefficient (D) on the annealing 
temperature (T) has been reported. which is given by the equation 
D = Dq exp(-0/kT), where Dq is called as pre-exponential factor. G is activation 
energy and k is Boltzmann constant. Correlations between these parameters and 
the physical properties of the alloys and those of the diffusing species, lead 
the authors to make speculations on the possible diffusion mechanisms. However 
for several cases of diffusion studies reported in the literature the relaxation 
effect in the metallic glasses was not considered. In the diffusion measurements 
on amorphous alloys, it is essential to study the D versus time dependence, to 
delineate the effect of relaxation. The D g and Q values obtained by properly 
taking into account the relaxation effect should be used to identify the 
diffusion mechanism on the basis of a theoretical formalism. Keeping in view 
this important fact, in the present work we have studied the diffusion of 
various elements (Ge, Pd, Au, Ag) in amorphous metal-metalloid metallic glasses 
Fe^gBjgSig, Fe 7g B 13 Sig, and Fe 40 Ni 38 B 18 M °4* The crystallization onset 
temperature T x for these metallic glasses as reported in literature f Goodfello* 
Metals-Catalogue 1991/92 1 are 515°C, 550°C and 410°C respectively. The elements 
selected for diffusion studies provide mass variation from 73 to 197. variation 
in atomic radii from 1.37 to 1.44 X and ionic radii from 0.93 to 1.37 X. The 
atomic mass of each element is larger than that of Fe (the constituent having 
the greatest mass in the Fe-B-Si metallic glass substrates). Therefore the 
signals from the elements are well separated in the Rutherford backscatterina 



Measurements . This leads to accurate measurements of the depth profiles and the 
diffusion coefficients. These eleaents do not fora globules on the surface of 
the Metallic glass after heat treatment. The globular forMations can obscure the 
diffusion profile. Good quality films of these eleaents can be prepared by 
vacuum evaporation technique. 

Transmission rfissbauer spectroscopy (TMS) and X-ray diffraction (XRD) 

measureaents were carried out on the Fe-B-Si aetallic glasses. The samples were 

heat-treated at various temperatures ranging from a value well below their T . 

x 

to a value well above T^, to identify the temperatures and annealing 
time-periods which retain the amorphous structure of the aetallic glasses. The 
crystallization kinetics of these alloys (after successive heat-treataent ) has 
also been studied at the same time. 

The topographical changes occurring on the surface of the samples during 
annealing were studied using Scanning electron microscopy (SEM), specifically to 
detect globule formation on the surface of the samples. 

The diffusion measurements were performed by Rutherford backscattering 
spectrometry (RBS). 

The thesis is divided into six chapters. The importance of metallic glasses 
is brought out in Chapter 1, along with a brief discussion of the various models 
proposed in understanding their structure, and the various methods employed for 
their production. The alternative methods of diffusion measurement and the 
various formalism applicable to diffusion in aetallic glasses is also given in 
this chapter. 

A compilation of diffusion measurements in metallic glasses, obtained by 
using direct methods is presented. A similar compilation of phase precipitation 
studies in aetallic glasses performed using Mossbauer spectroscopy is also 
presented. The chapter ends with an outline of the aim and necessity of the 
present study. 



The theoretical background and formalism required for the understanding of 
Mossbauer spectroscopy and Rutherford backscattering spectrometry are 
highlighted in Chapter 2, 

Chapter 3 deals with the methodology of sample preparation along with a 
description of the experimental details of the present work. The diffusion 
couples in the for® of thin films of the diffusing element on the metallic 
glasses Fe^gB^gSig and Fe^gB^Sig were prepared by the process of vacuum 
evaporation of high purity (99.99%) elements* namely Au. Ge* Pd and Ag. The 
diffusion couples for Pd/Fe^gNiggB^gMo^ system were also prepared in a similar 
manner. These diffusion couples were isothermally annealed in a clean and high 
vacuum for various time intervals (ranging upto 16 hr) and temperatures (ranging 
from 300°C to 475°C), using separate samples for different temperatures. The RBS 
studies were carried out using the 2 MeV Van-de-Graaff accelerator system in the 
Central Nuclear Facility, Department of Physics. Indian Institute of Technology. 
Kanpur. He ions of energy 1.0 and 1.4 MeV. were utilized for RBS measurements. 

A silicon surface barrier detector was used for detecting the ions backscattered 
from the sample surface at an angle of 150°. The detector was cooled down to 
10°C, to reduce the detector leakage current. The detection and data acquisition 
system consisted of the detector, preamplifier, amplifier, biased amplifier and 
a multichannel analyzer (MCA). The method of backscattering analysis has been 
explained by giving an example of Pd diffusion in a Fe-B-Si metallic glass. The 
diffusion coefficients were obtained by comparing the experimentally observed 
depth profiles with those derived theoretically from the solution of the 
diffusion equation under appropriate boundary condition pertinent to the 
couple configuration. 

57 

ssbauer Btudies have been performed using Co embedded in Rh matrix 
auer source, and the transmitted y-rays were detected using a 
counter . The MOBsbauer spectrometer (briefly described in this 



chapter), consists of the radioactive source, the detection and amplification 
system and a MCA for data storage. Optimization methods as considered in this 
technique are mentioned too. The methodology for the analysis of phase 
characterization of the crystallized samples is also explained. Finally a brief 
outline of the specifications of the XRD and SEM measurements are mentioned. 

The results on Mossbauer and X-rav studies in the Fe-B-Si metallic glasses 
are discussed in Chapter 4. These results reveal that the metallic glass samples 

remain amorphous below 450°C. The amorphous samples showed a definite increase 

* 

in internal magnetic field (H) and isomer shift (IS) with increasing silicon 
concentration. Definite indication of the crystallization process in the case of 
Fe^gBjgSig glass appears after heat-treatment for 4 hr at 450 C. hhile for 
Fe 7g B 13 Si 9 the precipitation commences after heat- treatment for 1 hr at 475°C. 
The various phases precipitated above these temperature and time-period of 
annealing for the Fe-B-Si glasses were identified as t-FegB. FegB. «-Fe and 
oi-(Fe-Si) (solid solution, formed at 8nn (nearest neighbour), 7nn. 6nn, 5nn. and 
4nn Fe sites). However the amount of FegB phase precipitated in Fe^B^Sig was 
observed to be less than that in the ^ e 79®l6^5 -* as8, These results indicate 
that the replacement of B with Si improves the thermal stability in the Fe-B-Si 

metallic glasses. 

X-ray diffraction studies of the Fe-B-Si metallic glasses after 
heat-treatment at 600°C (2 hr) and 700°C (15 min.), (which are well above T x for 
these glasses) indicate that a complete conversion of Fe^B phase into Fe 2 ® 
and c>-Fe has not yet taken place, as small FegB peaks were still 
XBD spectra. 

Metalloid dependence of the magnetic anisotropy i.e., a decrease in 0 (the 
angle between the magnetic moment and the gamma-rav direction) 

concentration, has been observed in the Fe-B-Si alloys. For the as 

the value of 0 is 90°, whereas in the case of 


sample of amorphous Fe^BjgSig 



^ e 78^13^9 As the time-period of heat treatment, or the temperature 

is increased the magnetization direction rotates out of the plane for both the 
glasses. The results indicate that annealing does relieve internal stresses in 
the sample which are invariablv present in the rapidlv quenched allovs. Since 
the direction of magnetization is stress sensitive, this relief in the internal 
stress gets reflected in the directional change of the magnetization axis. The 
effects of annealing is usually interpreted in terms of a reduction of the 
number of vacancies and an increase in the topological order approaching a 
relaxed, ideal glass. 

The penultimate chapter. Chapter 5. deals with the results and discussion 

of the RBS/diffusion studies on the three type of metallic glasses mentioned 

above. During the initial stages of relaxation (i.e.. for annealing times i 1 

hr), the D vs 1/T plots show zero activation energy similar to the one reported 

for radiation enhanced type diffusion in crystalline solids. This similarity has 

been noticed and pointed out for the first time. The time dependence of the 

diffusion coefficient has been observed in all the three metallic glasses. The 

decrease in the diffusivity towards a plateau value, during the first few hours 

of isothermal annealing of the diffusion couple samples, has been attributed to 

the effect of structural relaxation. For these metallic glasses the relaxation 

o * 

process ends after an annealing time-period of 1 hr at 450 C. after 4 hr at 
400°C. after 8 hr at 350°C and after 12 hr at 300°C. Beyond these durations of 
heat- treatment, the D-vaiues become independent of the annealing time. 

The temperature dependence of diffusivity in the relaxed state has been 
studied in these metallic glasses in order to obtain some systematic 
understanding of the impurity diffusion mechanism. Arrhenius type of behavior 
was observed in all the three amorphous metallic glasses, indicating that 
diffusion in these metallic glasses in the relaxed condition is limited by a 
single activation barrier over the temperature range investigated. The values of 



activation energv and pre-exponential factor for diffusion of various species ir 
the metallic glasses are given in the table below. 


Metallic 

glass 

Diffusing 

species 

Q 

CeV) 


D Q (m 2 /s) 

Fe 79 B 16 Sl 5 

Au 

0.70 ± 

0.20 

10 -15.17 ±1.55 


Ge 

0.56 ± 

0.05 

10 -17.04 ± 0.22 


Pd 

0.46 ± 

0.08 

10 -18.08 ±0.55 

Fe 78 B 13 Sl 9 

Au 

0.77 ± 

0.20 

10 -14.55 ± 1.55 


Ge 

0.62 ± 

0.18 

10 -16.42 ±1.46 


Pd 

0.31 ± 

0.02 

10 ~19. 16 ± 0.42 

Fe 40 Nl 38 B 18 

Mo. Pd 

4 

1.57 ± 

0.37 

10 -8.29 ± 3.05 


A correlation between the radii of the diffusing species and the diffusion 
coefficients has been observed for the amorphous Fe-B-Si metallic glasses. These 
correlations have been compared with that for diffusion in amorphous Fe-B allovs 
and crystalline oc-Fe reported in the literature, and an intriguing similaritv 
has been observed. 

The fifth chapter ends with a discussion on the possible diffusion 
mechanisms in metallic glasses. The analysis of the diffusion data yields large 
absolute values of the entropy of migration (>20k) in the Fe-B-Si metallic 
glasses, which indicate that diffusion occurs in these alloys by a direct 
mechanism involving a cooperative motion of groups of atoms. For the metallic 
glass Fe.„Ni 00 B 10 Mo. , S is 5.75k. which indicates a direct diffusion mechanism 
involving quasi-vacancies* A cooperative type of mechanism via small 
displacements (i.e.. 3-4% of atomic distance) of individual atoms forming a 
group of 10-14 atoms, has also been inferred for the Fe-B-Si metallic glasses, 
from the relative value of the critical .jump distance, resulting in diffusion 


transport, and the ratio of the aean vibration frequency in the ground and 
transient states. 

The last chapter, Chapter 6, highlights the inportant conclusions inferred 
from MOssbauer, X-ray diffraction and diffusion studies of the Metallic glasses 
Mentioned above. 
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The symbols refer to the phases as indicated below. 

Figure 4.7 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 112 

^ e 79®16^ i 5’ indicating the various phases precipitated. 

The symbols refer to the phases as mentioned in figure 4.6. 

Figure 4.8 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 113 

^ e 79^16^*5‘ indicating the various phases precipitated. 

The symbols refer to the phases as mentioned in figure 4.6. 

Figure 4.9 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 114 

Fe 7 gB^gSig, indicating the various phases precipitated. 

The symbols refer to the phases as mentioned in figure 4.6. 


Figure 4.10 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 115 

^ e 79^16 S ^5’ indicating the various phases precipitated. 

The symbols refer to the phases as mentioned in figure 4.6. 

Figure 4.11 Variation in the ratio of the areas under the 116 

Fe 3 B and Fe^B sextets obtained from the computer 

analysis of (a) Fe 78 B l3 si g (475°C) , (b) Fe 7 g B 16 s i 5 

(450°C) , and(c) Fe„ Q B 1R Si, (475°C) . 

79 16 .5 

Figure 4.12 Mossbauer spectra of Fe^B^Sig samples (at RT) . 

(a) heat-treated at 300°C for various time periods 121 

(b) heat-treated at 350°C for various time periods 121 

(c) heat-treated at 400°C for various time periods 122 

(d) heat-treated at 450°C for various time periods 122 

(e) heat-treated at 475°C for various time periods 123 

(f ) comparison of as-received with 475°C (8 hr) 123 

Figure 4.13 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 125 

^ e 79®16 Si 5 indicating the various phases precipitated. 

The symbols refer to the phases as indicated below. 

Figure 4.14 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 126 

Fe^gBjgSig indicating the various phases precipitated. 

The symbols refer to phases as mentioned in figure 4.13. 

Figure 4.15 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 127 

Fe 7 gB 16 Si 5 indicating the various phases precipitated. 

The symbols refer to phases as mentioned in figure 4.13. 
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4.16 Analyzed CRT) Mossbauer spectrum of heat-treated sample of 128 

Fe^gB^gSig indicating the various phases precipitated. 

The symbols refer to phases as mentioned in figure 4.13. 

4.17 Analyzed (RT) Mossbauer spectrum of heat-treated sample of 129 

Fe 7 gB 16 Si 5 indicating the various phases precipitated. 

The symbols refer to phases as mentioned in figure 4.13. 

4.18 Variation in the line-width (FWHM) of Fe 2 B and FegB 131 

lines with the time period of heat-treatment in: 

(a)Fe 7g B 16 Si 5< heat-treated at 450°C. (WFe^B^gSig, 
heat-treated at 475 °C. (clFe^B^gSig, heat-treated at 475°C. 

4.19 Comparison of spectra heat-treated at 475°C for 8 hr 132 

(a)F e 7 gBigSi 5 and (b)Fe 7g B 13 Sig . 

5.1 Normalized RBS spectra of a-Fe^B^Sig- Ge diffusion 137 

couple before and after annealing at 400°C for 2 hr 

and 8 hr respectively. The thickness of the 
as-evaporated film is 300 X. The arrow indicates the 
surface position. 

5.2 Normalized RBS spectra of a-Fe^B^gSig- Ge diffusion 138 

couple before and after annealing at 350°C for 2 hr and 

12 hr respectively. The thickness of the as-evaporated 
film is 320 X. The arrow indicates the surface position. 

5.3 Comparison of experimental (1.4 MeV Het scattering angle 139 

150°) and simulated RBS spectra to determine the D-value of Ge 

in Fe 7 gB 1 gSig at 300°C (12 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

5.4 Comparison of experimental (1.4 MeV Het scattering angle 140 

150°) and simulated RBS spectra to determine the D-value of Ge 

in Fe 7g B l6 Sig at 350°C (4 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

5.5 Comparison of experimental (1.4 MeV Het scattering angle 141 

150°) and simulated RBS spectra to determine the D-value of Ge 

in Fe^BjgSig at 400°C (2 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

5.6 Comparison of experimental (1.4 MeV Het scattering angle 142 

150°) and simulated RBS spectra to determine the D-value of Ge 

in Fe„ n B. 0 Si,. at 450°C (1 hr). The simulation was performed 
using the error function solution of the diffusion equation. 
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Figure 5.7(a-d) Diagrams showing variation of the diffusion coefficient 145 

D(t) as a function of annealing time t, for diffusion of Ge 
in Fe^BjgSi,.. The vertical bars on the data points indicate 
error in the diffusion coefficients. The solid circles 
indicate that the crystallization of the metallic glass is 
observed by us using X-ray and Mossbauer techniques for 
these data points. The solid line, drawn as a best visual 
fit to the data points, asymptotically approaches a plateau 
value (Dp) shown by the dashed line (except for 450°C, see text). 

Figure 5.7(e) Diagram showing variation of the diffusion coefficient D(t)....146 
as a function of annealing time t, for diffusion of Ge in 
Fe 79 B i6 Si 5 475°C. In this case crystallization has been 
observed by us using X-ray and Mossbauer techniques for all 
the data points. The solid line indicates a best visual fit 
to the data points. 

Figure 5.8 Temperature dependence of diffusivity of Ge in metallic 150 

glass Fe 7g B 16 Si 5 (Arrhenius plot). The open circles indicate 
the plateau values (D p ) obtained from the D(t) vs. annealing 
time diagrams (Figs. 5.7 (a) , (b) , (c)) , and the solid line is 
a least square fitting to these data points. The values of Q 
and Dq obtained from the fit is also mentioned. The open 
squares depict the D(t) values at 450°C for t £ 4 hr. The 
D(t) values for 475°C are not shown because onset of 
crystallization is observed at this temperature even for the 
lowest annealing duration. 

Figure 5.9 Normalized RBS spectra of a-Fe 7 gB 13 Sig- Ge diffusion 152 

couple before and after annealing at 400°C for 1 hr and 
8 hr respectively. The thickness of the as-evaporated 
film is 280 8. The arrow indicates the surface position. 

Figure 5.10 Normalized RBS spectra of a-Fe^B^Sig- Ge diffusion 153 

couple before and after annealing at 350°C for 1, 4 and 
12 hr respectively. The thickness of the as-evaporated 
film is 230 8. The arrow indicates the surface position. 

Figure 5.11 Comparison of experimental (1.4 MeV Het scattering angle 154 

150°) and simulated RBS spectra to determine the D-value of Ge 
in Fe 7g B 13 Si g at 400°C (1 hr). The simulation was performed 
using the error function solution of the diffusion equation. 
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Figure 5.12 Comparison of experimental (1.4 MeV Het scattering angle 155 

150°) and simulated RBS spectra to determine the D-value of Ge 
in Fe^gB^Sig a t 350°C (8 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.13 Comparison of experimental (1.4 MeV He, scattering angle 156 

150°) and simulated RBS spectra to determine the D-value of Ge 
in Fe^BjgSig at 300°C (4 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.14(a-d) Diagrams showing variation of the diffusion coefficient 158 

D(t) as a function of annealing time t, for diffusion of Ge 
in Fe 7 gBjgSig. The vertical bars on the data points indicate 
error in the diffusion coefficients. The solid line, drawn 
as a best visual fit to the data points, asymptotically 

approaches a plateau value (D ) shown by the dashed line 

o ** 

(except for 450 C, see text). 

Figure 5.14(e) Diagram showing variation of the diffusion coefficient 159 

D(t) as a function of annealing time t, for diffusion of Ge 
in Fe 7 gB 13 Si g at 475°C. In this case crystallization has 
been observed by us using X-ray and Mossbauer techniques 
for all the data points. The solid line indicates a best 
visual fit to the data points. 

Figure 5.15 Temperature dependence of diffusivity of Ge in metallic 160 

glass Fe 7 gB 13 Si g (Arrhenius plot). The open circles indicate 
the plateau values (D p ) obtained from the D(t) vs. annealing 
time diagrams (Figs. 5.14 (a) , (b) , (c)) , and the solid line 
is a least square fitting to these data points. The values 
of Q and D g obtained from the fit is also mentioned. The 
open squares depict the D(t) values at 450°C for t ^ 4 hr. 

The D(t) values for 475°C are not shown because onset of 
crystallization is observed at this temperature even for 
the lowest annealing duration. 

Figure 5.16 Normalized RBS spectra of a-Fe^B^gSig- Pd diffusion 162 

couple before and after annealing at 450°C for 2 hr and 
8 hr respectively. The thickness of the as-evaporated film 
is 230 $. The arrow indicates the surface position. 

Figure 5.17 Normalized RBS spectra of a-Fe^BjgSig- Pd diffusion 163 

o 

couple before and after annealing at 400 C for 4 hr and 
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12 hr respectively. The thickness of the as-evaporated film 
is 250 8. The arrow indicates the surface position. 

Figure 5.18 Comparison of experimental (1.4 MeV He, scattering angle 164 

150°) and simulated RBS spectra to determine the D-value of Pd 

in Fe„ JB. _Si r at 450°C (1 hr). The simulation was performed 
79 lb 5 

using the error function solution of the diffusion equation. 

Figure 5.19 Comparison of experimental (1.4 MeV Het scattering angle 165 

150°) and simulated RBS spectra to determine the D-value of Pd 
in Fe^gBjgSig at 350°C (2 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.20(a-d) Diagrams showing variation of the diffusion coefficient 168 

D(t) as a function of annealing time t, for diffusion of Pd 
in Fe^gB^gSig. The vertical bars on the data points indicate 
error in the diffusion coefficients. The solid circles 
indicate that the crystallization of the metallic glass is 
observed by us using X-ray and Mossbauer techniques for 
these data points. The solid line, drawn as a best visual 
fit to the data points, asymptotically approaches a plateau 

value (D ) shown by the dashed line. 

P 

Figure 5.21 Temperature dependence of diffusivity of Pd in metallic 169 

glass Fe^B^gSig (Arrhenius plot). The open circles indicate 
the plateau values (D p ) obtained from the D(t) vs. annealing 
time diagrams (Figs. 5.20 (a) , (b) , (c)) , and the solid line 
is a least square fitting to these data points. The values 
of Q and Dg obtained from the fit is also mentioned. The 
open squares depict the D(t) values at 450°C, and is shown 
for the sake of comparison. 

Figure 5.22 Normalized RBS spectra of a-Fe 7g B 13 Si g - Pd diffusion 171 

couple before and after annealing at 450°C for 2 hr and 
8 hr respectively. The thickness of the as-evaporated 
film is 165 8. The arrow indicates the surface position. 

Figure 5.23 Normalized RBS spectra of a-Fe 7g B 13 Sig- Pd diffusion 172 

couple before and after annealing at 400°C for 12 hr. 

The thickness of the as-evaporated film is 190 2. The 
arrow indicates the surface position. 

Figure 5.24 Comparison of experimental (1.4 MeV Het scattering angle 

o 

150 ) and simulated RBS spectra to determine the D-value of Pd 


173 
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in FeygBjgSig at 450°C (1 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.25 Comparison of experimental (1.4 MeV Het scattering angle 174 

150°) and simulated RBS spectra to determine the D-value of Pd 
in Fe^gBjgSig at 300°C (2 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.26(a-d) Diagrams showing variation of the diffusion coefficient 177 

D(t) as a function of annealing time t, for diffusion of Pd 
in Fe^gB^gSig. The vertical bars on the data points indicate 
error in the diffusion coefficients. The solid line, drawn 
as a best visual fit to the data points, asymptotically 
approaches a plateau value (D^) shown by the dashed line. 

Figure 5.27 Temperature dependence of diffusivity of Pd in metallic 178 

glass Fe^gBjgSig (Arrhenius plot). The open circles indicate 
the plateau values (D ) obtained from the D(t) vs. annealing 

Jr' 

time diagrams (Figs. 5.26 (a) to (d)), and the solid line is 
a least square fitting to these data points. The values of Q 
and Dq obtained from the fit is also mentioned. 

Figure 5.28 Normalized RBS spectra of a-Fe^BjgSig- Au diffusion 180 

couple before and after annealing at 350°C for 8 hr. 

The thickness of the as-evaporated film is 130 X. 

The arrow indicates the surface position. 

Figure 5.29 Comparison of experimental (1.0 MeV Het scattering angle 181 

150°) and simulated RBS spectra to determine the D-value of Au 
in Fe^gB^gSig at 350°C (8 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.30(a-c) Diagrams showing variation of the diffusion coefficient 184 

D(t) as a function of annealing time t, for diffusion of Au 

in Fe^BjgSi,.. The vertical bars on the data points indicate 

error in the diffusion coefficients. The solid circles 

indicate that the crystallization of the metallic glass is 

observed by us using X-ray and Mossbauer techniques for 

these data points. The solid line, drawn as a best visual 

fit to the data points, asymptotically approaches a plateau 

value (D ) shown by the dashed line (for 400°C). 
p 

Figure 5.31 Temperature dependence of diffusivity of Au in metallic 185 

glass Fe B Si_ (Arrhenius plot). The solid line is a 
/y lb o 
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least square fitting to the data points at 300 C (16 hr), 
350°C (8 hr), 400°C (1 hr) and 450°C (1 hr), (see text 
Sec. 5. 6. 2). The values of Q and D Q obtained from the fit 
is also mentioned. 


Figure 5.32 Normalized RBS spectra of a-Fe^gB^Sig- 


Au diffusion 187 


couple before and after annealing at 350 C 8 hr. The 
thickness of the as-evaporated film is 230 8. The 
arrow indicates the surface position. 

Figure 5.33 Comparison of experimental (1.0 MeV Het scattering angle 188 

150°) and simulated RBS spectra to determine the D-value of Au 
in Fe^gBjgSig at 350°C (8 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.34(a-c) Diagrams showing variation of the diffusion coefficient 191 

D(t) as a function of annealing time t, for diffusion of Au 

in Fe^gBjgSig. The vertical bars on the data points indicate 

error in the diffusion coefficients. The solid circles 

indicate that the crystallization of the metallic glass is 

observed by us using X-ray and Mossbauer techniques for 

these data points. The solid line, drawn as a best visual 

fit to the data points, asymptotically approaches a plateau 

value (D ) shown by the dashed line (for 400°C, see text), 
p 

Figure 5.35 Temperature dependence of diffusivity of Au in metallic 192 

glass Fe^BjgSig (Arrhenius plot). The solid line is 
asquare fitting to the data points at 300°C (16 hr), 

350°C (8 hr), 400°C (1 hr) and 450°C (1 hr), (see text 
Sec. 5. 7. 2). The values of Q and D Q obtained from the 
fit are also mentioned. 

Figure 5.36 Normalized RBS spectra of a-Fe^B^Sig- Ag diffusion 194 

couple before and after annealing at 35CTC 8 hr. The 
thickness of the as-evaporated film is 230 8. The 
arrow indicates the surface position. 

Figure 5.37 Comparison of experimental (1.0 MeV Het scattering angle 195 

150°) and simulated RBS spectra to determine the D-value of Ag 
in Fe^BjgSig at 350°C (8 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.38 Diagram showing variation of the diffusion coefficient D(t) 196 

o 

as a function of annealing time t, at 350 C, for diffusion 
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of A g in Fe^gBjgSig. The vertical bars on the data points 
indicate error in the diffusion coefficients. The solid line, 
drawn as a best visual fit to the data points, asymptotically 

approaches a plateau value (D ) shown by the dashed line. 

P 

Figure 5.39 Normalized RBS spectra of a-Fe 78 B 13 Si g - A g diffusion 198 

couple before and after annealing at 350°C for 8 hr. 

The thickness of the as-evaporated film is 220 X. The 
arrow indicates the surface position. 

Figure 5.40 Comparison of experimental (1.0 MeV Het scattering angle 199 

150°) and simulated RBS spectra to determine the D-value of Ag 
in Fe^gB^gSig at 350°C (8 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.41 Diagram showing variation of the diffusion coefficient D(t) 200 

as a function of annealing time t, at 350°C, for diffusion 
of Ag in Fe^gB^gSig. The vertical bars on the data points 
indicate error in the diffusion coefficients. The solid line, 
drawn as a best visual fit to the data points, asymptotically 
approaches a plateau value (D p ) shown by the dashed line. 

Figure 5.42 Normalized RBS spectra of a-Fe^NiggB^Mo^ Pd diffusion 202 

couple before and after annealing at 450°C for 2 hr and 
8 hr respectively. The thickness of the as-evaporated 
film is 230 X. The arrow indicates the surface position. 

Figure 5.43 Normalized RBS spectra of a ~ Fe 4o Ni 38 B i8 M °4 - Pd diffusion 203 

couple before and after annealing at 400°C for 2 hr and 
8 hr respectively. The thickness of the as-evaporated 
film is 250 X. The arrow indicates the surface position. 

Figure 5.44 Comparison of experimental (1.4 MeV Het scattering angle 204 

150°) and simulated RBS spectra to determine the D-value of Pd 
in Fe^gNiggB^gMo^ at 450°C (2 hr). The simulation was performed 
using the error function solution of the diffusion equation. 

Figure 5.45 Comparison of experimental (1.4 MeV Het scattering angle 205 

150°) and simulated RBS spectra to determine the D-value of Pd 
in Fe^gNiggBjgMo^ at 400°C (1 hr). The simulation was performed 
using the error function solution of the diffusion equation. . 

Figure 5.46(a-d) Diagrams showing variation of the diffusion coefficient 208 

D(t) as a function of annealing time t, for diffusion of Pd 
in Fe^gNiggBjgMo^. The vertical bars on the data points 
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indicate error in the diffusion coefficients. The solid 

circles indicate crystallization of the metallic glass for 

these data points. The solid line, drawn as a best visual 

fit to the data points, asymptotically approaches (for 300°C 

and 350°C) a plateau value (D p ) shown by the dashed line. 

Figure 5.47 Temperature dependence of diffusivity of Pd in metallic 209 

glass Fe^Ni^gB^gMo^ (Arrhenius plot). The open circles 

indicate the plateau values (D ) obtained from the D(t) 

P 

vs. annealing time diagrams (Figs. 5.46 (a),(b)), and the 

solid line is a least square fitting to these data points 

along with the D(t) value at 400°C (1 hr). The values of 

Q and D Q obtained from the fit are also mentioned. The 

solid square indicates the D(t) values at 450°C (lhr) 

which represents diffusion in crystallized Fe^NiggB^Mo^^. 

Figure 5.48(i), (a-d) Diagrams showing variation of the diffusion 213 

coefficient D(t) as a function of annealing time t, for 

diffusion of Ge in Fe^B, „Si... The vertical bars on the 

/a lb o 

data points indicate error in the diffusion coefficients. 

The solid circles indicate that the crystallization of the 
metallic glass is observed by us using X-ray and Mossbauer 
techniques for these data points. The solid line, drawn as 
a best visual fit to the data points, asymptotically 
approaches a plateau value (D p ) shown by the dashed line 
(except for 450°C). The arrows indicate the annealing time 
(r) at which the D(t) value approaches to within 20% of 
the plateau value. 

Figure 5.48(ii) Diagram showing the variation of the relaxation time 214 

r with respect to the inverse of the annealing temperature 

for the diffusion of Ge in the metallic glasses 

Fe„ ft B 10 Si c . The value of r for 300°C, 350°C and 400°C is 
79 lb 5 

obtained from the D(t) vs. annealing time diagrams shown 
in Figs. 5.48(i). The value of r is that annealing 
duration for which the D(t) value approaches to within 20% 
of the plateau value D^ in each case. The lower end of the 
vertical bars on the data points indicate the annealing 
duration at which the D(t) value approaches to within 30% 
of the Dp value and the upper end indicates the annealing 
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duration at which the D(t) value approaches to within 10% 
of Dp. For 450°C the value of x is taken as 1 hr (lowest 
annealing duration). The least squares fitting to the data 
points give an activation energy (Q) equal to 0.55 eV and 
a pre-exponential factor (r^) of value 0.64 s. 

'igure 5.49 Comparison of variation in viscosity (q) and diffusivity 216 

(D) with respect to the annealing duration. 

(a) Viscosity plot of Fe^gB^Sig [Ehatti and Cantor 1988], 

(b) Diffusivity plot of Ge in Fe^gB^Sig [present study]. 

•igure 5.50 Normalized (1/T) dependence of diffusivity of Au in 218 

Fe-B (from literature) and Fe-B-Si amorphous alloys. T is 
the crystallization temperature of the metallic glasses. The 
slope changes with the addition of Si to the Fe-B alloys. 

'igure 5.51(a) Comparison of the temperature dependence of diffusivity 221 

of Ge in Fe^B^Si,-, during early stages of relaxation 
(dashed line) and after relaxation (solid line). Note the 
similarity with the radiation enhanced diffusion shown 
Figure 5.51(b) for Si in ot-Fe. 

"igure 5.51(b) Comparison of enhanced diffusivity for Si in Fe substrate 221 

Hh 

(under bombardment with 300 keV Ar ions) and thermal 
diffusivity at various temperatures (after Dearnaley 1982). 

Figure 5.51(c) Comparison of the temperature dependence of diffusivity 222 

of Ge in Fe^B^gSig, during early stages of relaxation 
(dashed line) and after relaxation (solid line). 

Figure 5.51(d) Comparison of the temperature dependence of diffusivity 222 

of Pd in Fe^gBjgSig, during early stages of relaxation 

(dashed line) and after relaxation (solid line). 

Figure 5.51(e) Comparison of the temperature dependence of diffusivity 223 

of Pd in Fe^gB 13 Sig, during early stages of relaxation 

(dashed line) and after relaxation (solid line). 

Figure 5.51(f) Comparison of the temperature dependence of diffusivity 223 

of Au in Fe^gBj^gSig, during early stages of relaxation 

(dashed line) and after relaxation (solid line). 

Figure 5.51(g) Comparison of the temperature dependence of diffusivity 224 

of Au in Fe^gBjgSig, during early stages of relaxation 

(dashed line) and after relaxation (solid line). 

Figure 5.51(h) Comparison of the temperature dependence of diffusivity 224 
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of Pd in Fe 40 Ni 3 gB lg Mo 4 , during early stages of relaxation 
(dashed line) and after relaxation (solid line). 

’igure 5.52 Correlation between diffusivity (at 600 K, calculated 227 

from the Arrhenius plot), and atomic radii of the 
diffusing species in Fe-B and Fe-B-Si metallic 
glasses. The lines have been drawn to guide the eye. 

Note that the radius dependence is similar to the one 
observed in crystalline Fe and Cu (as shown in 
figures 5.53(a) and (b). 


’igure 5.53(a) Variation of diffusivity with the atomic radii of the 228 

diffusing species in crystalline Cu, (after Hood 1978). 

-’igure 5.53(b) Variation of diffusivity with the atomic radii of the 228 

diffusing species in crystalline Fe, (after Askill 1979). 

7 igure 5.53(c) Variation of diffusivity with the atomic radii of the 229 

diffusing species in crystalline Zr, (after Hood 1978). 

7 igure 5.53(d) Variation of diffusivity with the atomic radii of the 229 

diffusing species in a-Ni-Zr alloy. 

Figure 5.54 Correlation between activation energy (Q) and the 232 


atomic radii of. the diffusing species in Fe-B 
(from literature) and Fe-B-Si (present work) 
amorphous alloys. The plot does not show any 
definite trend in the variation of Q with r. 

Figure 5.55 Correlation between activation energy (Q) and 233 

pre-exponential factor (Dq) for diffusion of 
various elements in Fe-B and Fe-B-Si metallic 
glasses. The lines are least squares fitting to 
the data points. The solid line depicts the trend 
in Fe-B-Si alloys, the larger dashed line 
represents the Fe-B alloys, the smaller dashed 
line represents the Ni-Zr alloy and dashed line 
at the extreme left depicts hydrogen diffusion in 
metallic glasses. 



LIST OF TABLES 


U3LE NO. TITLE PAGE 


ible 1.1 Characteristic properties of the diffusing species 3 

ible 1.2 Comparison of the characteristics of traditional 5 


able 1.3 

metal and traditional glass with that of metallic glass. 

Literature survey of diffusion in metallic glasses 

27 

able 1.4 

Brief review of phase formation studies in metallic 

35 

able 4.1 

glasses using Mossbauer spectroscopy. 

X-ray analysis of Fe^B^gSi,. and Fe 7 gB 13 Sig samples 

99 

able 4.2 

heat-treated at 475°C for 16 hr. 

Mossbauer parameters for the as-received samples 

102 

able 4.3 

Mossbauer parameters, obtained from computer analysis for.... 

104 

able 4.4 

metallic glass Fe^B^gSig after various heat treatments. 
Reported values of internal magnetic field (H) of 

117 

able 4.5 

phases observed in the metallic glasses. 

Mossbauer parameters obtained from computer analysis for 

119 

hble 5. 1 

metallic glass Fe^gB^Sig after various heat treatments. 
Sample identification for Fe^B^Sig - Ge 

136 

able 5.2 

diffusion couple. 

The D-values for the diffusion of Ge in metallic 

144 

able 5.3 

glass Fe^gB^gSig. 

Sample identification for Fe 7 gB 13 Sig - Ge 

151 

able 5.4 

diffusion couple. 

The D-values for the diffusion of Ge in metallic 

157 

able 5.5 

glass Fe 7Q B 13 Sig. 

Sample identification for Fe^B^Sig - Pd 

161 

'able 5.6 

diffusion couple. 

The D-values for the diffusion of Pd in metallic 

166 

’able 5.7 

glass Fe 7 gBjgSig. 

Sample identification for Fe 7g B l3 Sig - Pd 

170 

’able 5.8 

diffusion couple. 

The D-values for the diffusion of Pd in metallic 

175 


glass Fe 78 B 13 Si 9 . 




XXXI 1 


Table 5.9 Sample identification for Fe^B^gSig - Au 179 

diffusion couple. 

Table 5.10 The D-values for the diffusion of Au in metallic 182 

glass Fe 79 B 16 Si 5 . 

Table 5.11 Sample identification for Fe^B^gSig - Au 186 

diffusion couple. 

Table 5.12 The D-values for the diffusion of Au in metallic 189 

glass Fe 78 B 13 Si 9 . 

Table 5.13 Sample identification for Fe^B^Sig - Ag 193 

diffusion couple. 

Table 5.14 The D-values for the diffusion of Ag in metallic 196 

glass Fe 7 gB^gSig. 

Table 5.15 Sample identification for Fe^B^Sig - Ag 197 

diffusion couple. 

Table 5.16 The D-values for the diffusion of Ag in metallic 197 

glass Fe 78 B 13 Si 9 . 

Table 5.17 Sample identification for Fe 4Q Nig 8 B 18 Mo 4 -Pd 201 

diffusion couple. 

Table 5.18 The D-values for the diffusion of Pd in metallic 206 

glass Fe 40 Ni 3g B 18 Mo 4 . 

Table 5.19 Values of activation energy and pre-exponential factor 217 

for diffusion of various species in the metallic glasses. 

Table 5.20 Values of migration entropies of the diffusing species 243 

and the quasi-vacancies, and the relative value of 
critical displacement and the mean vibration frequency, 
in the metallic glasses studied. 



CHAPTER 1 


INTRODUCTION 

1.1 Preamble 

In 1960, an alloy of Au~25atomZSi (near its eutectic), was solidified from 

its melt at a very high cooling rate and an unexpected metallic alloy, amorphous 

in nature, was formed. This exciting and unexpected development was performed by 

Pol Duwez and his co-workers [Klement et al . 1960] at Caltech, Pasadena, USA. 

This entirely new species of non-crystal 1 ine alloys obtained by rapid quenching 

4 8 

with cooling rates in the range of 10 "10 K/s were called amorphous metallic 
alloys, glassy alloys or Metallic Glasses. In 1967, the same group discovered 
strong ferromagnetic properties in an iron based amorphous alloy, Fe-^Pjc-CjQ 
[Duwez et al . 1967 ] . Finally metallic glasses were produced in the form of a 

continuous ribbon t Pond et al - 1969 3 suitable for commercial applications. With 
these three historic events, glassy amorphous alloys / metallic glasses invoked 
the attention of scientists, engineers and technologists alike, because of their 
interesting variety of desirable properties (electrical, magnetic/ mechanical , 
thermal, etc.,), highly useful in technological applications. For example, 
transformer cores and laminations made of iron based metallic glasses 

(Fe^gBj^Sig* F ' e 81 B 13 Si 4 C '2 ’ Fe 82 B 10 Si 8’ etc, ») have a higher efficiency, lower 
cost and a considerable energy saving potential. The properties of an amorphous 
alloy are determined by its atomic structure and both are very sensitive to heat 
treatment. On annealing it tends to relax and become denser by atomic 
rearrangement, which in turn is controlled by the diffusion of the atoms through 
the amorphous structure. Therefore a knowledge of the atomic transport or 
diffusion in metallic glasses is important in understanding the changes 



changes occurring in these structure-sens itive thermal* electrical* magnetic and 
mechanical properties. 

The first diffusion experiment performed on metallic glasses was reported 
in 1975 by Gupta et &1. * Since then* there has been a steady increase in the 
volume of diffusion data and these have been reviewed from time to time 
[Luhorsky 1983 ; Cantor 1985 ; Mehrer and Dorner 1989 ]. In most cases the 
Arrhenius dependence of the diffusion coefficient (D)« on the annealing 
temperature (T) has been reported which is given by the expression 
D=D 0 exp(~©/k?h where B 0 is called as pre-exponential or frequency factor* Q is 
activation energy and k is Boltzmann constant* Correlations between these 
parameters and the physical properties of the alloys and those of the diffusing 
species* lead the authors to make speculations on the possible diffusion 
mechanisms. However for several cases of diffusjon studies reported in f" o 
literature the relaxation effect in the metallic glasses was not considered. In 
the diffusion measurements on amorphous alloys. it is essential to study the I 
versus time dependence* to delineate the effect of relaxation* The Bq and £ 
values obtained by properly taking into account the relaxation effect should ht 
used to identify the diffusion mechanism on the basis of a theoretica. 
formalism. 

1.2 Object of present study 

Keeping in view the above Mentioned important facts, in the present wor 
we have studied the diffusion of various elements (Ge. Pd. Ag. Au) in amorphou 
®etal-metalloid Metallic glasses Fe^gB^gSig and Fe^gBjgSig. Diffusion of E 
in metallic glass Fe 40 Ni 3 gB 18 Mo, 4> was also studied to compare the results c 
the Fe-B-Si glasses with it. The crystallization onset temperature T x for the* 
metallic glasses as reported in literature f Goodfellow Met&ls-C&t&logue 1991/9, 
are 515°C, 550°C and 410°C respectively. 



The properties of the diffusing elements are given in Table 1.1. The study 
of correlations between some of these properties and the diffusing parameters 
(viz., radius dependence of diffusivity) is an important way to understand the 
diffusion mechanism in amorphous alloys. The selected species provide mass var- 
iation from 73 to 197, variation in atomic radii from 1.37 to 1.44 X and ionic 
radii from 0.93 to 1.37 X. 


TABLE 1.1 


CHARACTERISTIC PROPERTIES OF THE DIFFUSING SPECIES STUDIED 


DIFFUSING 

At. No. 

At.Wt. 

AT. DEN. 

M.P. 

G.R. 

I.R. 

C.R. 

SPECIES 

( at/cc ) 

(°C) 

(X) 

(X) 

(X) 

Ge 

32 

73 

4.42e+22 

937 

1.39 

0. 93(+3) 
0.53(+4) 

1.22 

Pd 

46 

106 

6. 80e+22 

1554 

1.37 

0.86(+2) 

1.28 

Ag 

47 

108 

5.85e+22 

962 

1.44 

1 . 26 ( +1 ) 

1.34 

Au 

79 

197 

5.90e+22 

1064 

1.44 

1.37(+1) 

1.34 


G.R. = Goldschmidt radius. 

I.R. = Ionic radius (with specific valency). 
C.R. = Covalent radius. 


Other important reasons of selecting these species for diffusion measure- 
ments in the Fe-B-Si alloys are: (a) The atonic mass of each element is larger 
than that of Fe (the constituent having the greatest mass in the Fe-B-Si 
metallic glass substrates). Therefore the signals from the elements are well 
separated in the Rutherford backscattering measurements. This leads to accurate 
measurements of the depth profiles and the diffusion coefficients. (b)These 
elements do not form globules on the surface of the metallic glass after heat 
treatment. The globular formations can obscure the diffusion profile. (c)Good 
quality films of these elements can be prepared by vacuum evaporation technique. 
The main objectives of the present thesis are summarized below: 

(i) To anneal the Fe-B-Si metallic glasses at various temperatures ranging 
from a value well below their crystallization temperature (T^), to a value 



well above T^, in order to identify fro» X-ray and Mossbauer studies the 
tesperatures and annealing time-periods which retain the am orp hous 
structure of these metallic glasses. 

(ii) To identify the various phases precipitating in these alloys after 
successive heat-treatment , and to study the dependence of the stability on 
the composition of the metallic glasses. 

(iii) To get an insight on the dependence of the magnetisation direction on 

(a) the metalloid content in the Fe-B-Si alloys, and 

(b) annealing of the metallic glasses. 

(iv) To determine the time dependence of diffusivity of the selected diffusing 
elements (Ge, Pd, Ag and Au) in the metallic glass systems mentioned 
above. 

(v) To determine the temperature dependence of diffusivity in these metallic 

glasses in the relaxed state, and to obtain the diffusion parameters, viz. 

Q and D values from it. 
o 

(vi) To determine the correlation between the diffusion parameters and the 
various physical properties of the diffusing species. 

(vii) To get an insight on the diffusion mechanism in these metallic glasses on 
the basis of the diffusion data and the correlations thus obtained. 

For the sake of completeness, we present in the following sections a 
discussion on metallic glasses (its importance, kinetics of formation, struc- 
tural models and methods of preparation); diffusion (alternative methods of 
diffusion measurement, various formalism applicable to diffusion in metallic 
glasses, and a compilation of diffusion measurements in metallic glasses); and a 
compilation of phase precipitation studies in metallic glasses performed using 
MOssbauer spectroscopy. 



1.3 Metallic glasses 


The properties of aetallic glasses are different as coapared to those of 
the traditional oxide glasses and ordinary aetal alloys in several important 
respects as shown in Table 1.1. The inter-atoaic bond in aetallic glasses is 
essentially aetallic, like aetallic alloys, (the traditional glasses have 
covalent bonds), whereas its structure is aaorphous or non-periodic like that 
of traditional glasses. Sone of the special features recently discovered are 
zero resistance to corrosion, propagation of acoustic waves for a larger 
distance, super-conductivity at low tenperatures and propagation of spin waves. 


TABLE 1.2 


COMPARISON OF THE CHARACTERISTICS OF TRADITIONAL METAL AND 
TRADITIONAL GLASSES WITH THAT OF METALLIC GLASSE8 


PROPERTY 

TRADITIONAL 

METAL 

TRADITIONAL 

GLASS 

METALLIC 

GLASS 

structure 

crystalline 

aaorphous 

aaorphous 

bonding 

■etallic 

covalent 

aetallic 

yield stress 

non- ideal 

alnost ideal 

alaost ideal 

workability 

good, ductile 

poor, brittle 

good, ductile 

hardness 

low to high 

very high 

very high 

UTS 

low to high 

low 

high to very high 

optical- 

transnission 

opaque 

transparent 

opaque 

thernaal- 

conductivity 

very good 

poor 

very good 

resistance 

very low 

high 

very low 

corrosion- 
res isance 

poor to good 

very good 

very good 

■agnetic 

properties 

various 

non-ex istant 

various 



1.3.1 Formation and kinetics of formation 

Almost all types of glasses — silicates, polyaers and aetallic, can be 

prepared by continuous cooling of the liquid nelt provided that crystallization 

can be bypassed. In the so called ordinary glasses or silicate glasses, the 

transition froa liquid Belt to solid glass takes place at low rates of cooling 
_2 

often less than 10 K/s. In case of aetallic Belts, the non-directional bond- 
ings present, produce rapid atonic rearrangeaents, even at high degrees of 
undercooling i.e., much below their equilibrium freezing temperature T . Also 
the latent heat of solidification i.e., the thermal energy released during the 
transformation, is very high for metals, running upto thousands of calories per 
gram-atom. 

If the metallic-alloy aelt is cooled rapidly at cooling rates T approaching 
10 K/s, the equilibrium, due to atomic rearrangement (i.e., crystallization) is 
suppressed because of insufficient time for nucleation. And hence, the meta- 
stable liquid solidifies into a supercooled metallic liquid i.e., an amorphous 
metallic alloy. This transition occurs within a narrow temperature interval 
called as the glass transition temperature T , and at this temperature range 

(Figure 1.1) the shear viscosity ( 17 ) of the under-cooled liquid increases very 
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rapidly to a value of about 10 Poise. 


FIGURE 1.1 Temperature dependence of 
shear viscosity (fj) in 
amorphous metallic alloys. 



Tamper atuns 




The specific heat C , coefficient of thermal expansion a, volume V and enthalpy- 

P 

H, change discontinously during crystallization (Figure 1.2), i.e., at T^, while 

at T the change is rapid but continuous as vitrification takes place. The cool- 
g 

m 

ing rate is then termed as the critical cooling rate T , and for metallic alloys 

c 

2 9 

it spans a range from about 10 to 10 K/s. The minimum cooling rate for vitri- 
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fying or undercooling pure metals is in the range of 10 - 10 K/s. 

Figure 1.2 Temperature dependence 

of volume V, enthalphy H, thermal 

expansion coefficient « and 

specific heat C d in amorphous 

metallic alloys. 

T and T are glass transition 
g m 

and melting temperatures and L, 

ML, G and C denote the various 
phases namely - liquid, meta- 
stable liquid, glass and 
crystal, respectively. 

Since glass transition is a kinetic transition, T^ depends on T the cooling 
rate. This is also illustrated in Figure 1.2.: Gj and G ^ are glassy states 
obtained from T^and T^ where T^ > Tg. If G^ is heated at a rate lower than Tj, 
it tends to relax structurally to a more stable state (shown by arrow T^) . 
Structural relaxation also takes place if G^ is annealed at some temperature T 
for quite sometime (shown by arrow T # ) . Thus it is clear that whether a glass is 
formed or not, depends on the cooling rate, which should be high enough to 
prevent detectable crystallization. On the free volume model of atomic transport ; 
[Turnbull et al. 1961, Cohen et al. 1979], the glass transition corresponds to 
the elimination of most of the free volume. 

The probability to vitrify and become amorphous (i.e., without inducing 
crystallization) is termed as the glass forming ability (GFA) of the alloy. Itj 



Temperature 




has been observed [Davies 1975] that on increasing certain solutes in a metal 


i.e. , on alloying, generally increases but relatively slowly and T^, the 
absolute Belting point of the alloy most often decreases, and hence GFA 
increases. It was also found [Donald and Davies 1978] that in nany cases, sub- 
stitution of a second solute (Betal or Metalloid) converted a difficult binary 
glass former or an already EGF (readily glass forming alloy) to a more easily 
glass forming alloy, due to the ternary eutectic formation. 

In the past thirty years, several different kinds of metallic alloys have 
been obtained in the amorphous state by liquid quenching. Most of these belong 
to one of the four distinct categories [Davies 1983]. 

The first group to be discovered consist of the transition metal-metalloid 
(TM-M) glasses, which has further two divisions: the late transition (TL-M) and 
the early transition (TE-M) metal- metalloid glasses. Besides some exceptions, 
the glass forming range (GFR) in the case of (TL-M) is rather narrow and is 
about 13-25 atom% of metalloid, e.g., F^qq^O* The exceptions in this case being 
Ni-Bgj_^j, Ni-Bj 7 _^g , Co-B 17 _^ etc.,. The technologically useful Fe-Si-B 
alloys have 13 to 35 atom% (Si+B). In case of (TE-M) alloys, the general tend- 
ency for RGF is in the range 15-30 atom% metalloid, e.g. Ti-3i and 
NbggSigQ. The second group combines an early transition metal with a late tran- 
sition metal (TE-TL), e.g., Nb^gNigg. The alloys in the third group are made 
up exclusively of simple metals, e.g., Ca^Al^g . And those in the fourth 
group are the rare-earth metal (RE-TM) transition metal type e.g., Gd-Co alloys. 

A general characteristic of glass formation for the four groups of metallic 
alloys is that they are obtained in a relatively narrow concentration range 
around those compositions which corresponds to deep eutectics in their phase 
diagram. However it appears that a single parameter or criteria cannot satis- 
factorily explain the observed composition ranges for glass formation, even in 
related systems [Ramachandrarao 1984], 



1.3.2 Preparation 

A great variety of techniques have been introduced by now to produce amor- 
phous alloys. No doubt, the production of metallic glasses in bulk is done by 
various (Rapid Solidification Process) RSP techniques. The RSP techniques can be 
divided into two categories [Anautharaaan 1988] namely: spray aethods involving 
fragmentation of melt into droplets prior to quenching ; and chill methods pre- 
serving continuity of the melt upto and during quenching. There are several non 
RSP or surface aethods too, which induce surface modifications of the substrate 
to a limited depth. However the rate of production obtained using these 
techniques is much lower than that of the RSP techniques. 

[a] Spray methods : 

In these aethods [Anantharaaan 1988 ] continuous stream of liquid metal is 
atomised, i.e., the molten melt is sprayed out into fine droplets and quenched 
by means of gas, liquid or solid (Figure 1.3). The mechanism of achieving atom- 
ization and successive quenching is different for the various techniques 

5 8 

(quenching rates varying from 10 to 10 K/s). 

Droplets or granules are formed by Gas and Ultrasonic gas atomization 
method; Water atomization method; Centrifugal atomization method; Rapid Solidi- 
fication Rate Centrifugal Atomization Process (RSR-CAP); Laser Spin Atomization 
(LSA) and the Rotating Electrode Process (REP). 

Powders on a continuous basis is now possible by the Rapid Spinning Cup 
(RSC) process; the Twin Roll atomization method and the Spark Erosion technique. 
Granules typically 1000-5000 Mm long and 1000 Mm in diameter as produced by the 
Rotating Perforated Cup (RPC) method, are consolidated as sheets. Droplets are 
consolidated into strips of thickness upto 18 mm and 0.5 mm widthin the Spray 
Rolling method. The Gun technique used for the first time by Pol Duwez and his 
co-workers in 1959, remained the most popular of all RSP techniques till the 
advent of the continuous production methods in the seventies. Thin foils upto 



Melt 





Figure 1.3 v * rious SPBAY ,<ethod8 for prod " 011011 of Metallic Glass 

(a) Inert Gas atomization method, (b) BSE-Centrifugal 
atomisation process, <c) Rotating electrode process, 
(d) Rotating perforated cup method, (e) Gun technique, 
(f) Spray rolling method - using a cooled drum. 







15M» thick are produced by the this aethod. Flakes are produced by the Alcoa 
process. Thin films of thickness of 100 M> and bo re, can be obtained by the 
Plasaa Spray Deposition technique. 

[b] Chill Methods : 

In these aethods (Figure 1.4) the melt is quenched by fast aoving or 
stationary highly cooled surfaces so as to obtain continuous alloys in the fora 
of wires, ribbons, tapes and sheets. The various aethods nainly in use for pro- 
ducing wires are: the Die aethod; the Taylor process; Crucible Melt Extrac- 
tion (CME), Pendant Drop Melt Extraction (PDME) aethod; Melt Drag process; and 
the Melt Overflow method. Melt spinning and Planar flow process are used for 
producing strips. 

In the Piston and Anvil technique foils of about 4-5 cm. in diameter and 
about 100 pm. in thickness can be obtained. 

Free Flight Melt Spinning (FFMS) technique [Pond 1961 J; and the Chill Block 

Melt Spinning (CBMS) aethod [Pond et al. 1969 ] are the aost commonly used 

methods now-a-days to produce long and continuous ribbons and tapes. The cool- 
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ing rates achieved in CBMS are about 10 K/s and the ribbons produced are few 
an wide. Modifications have been made in CBMS to produce helical gluey alloy 
ribbons, composite alloys, and multilayer deposits. 

The need for continuous and wide amorphous ribbons or tapes, spurred the 
developaent of the Planar Flow Casting (PFC) process or strip casting process in 
1979 by Narasimhan . By this process ribbons/tapes upto 300 mm in width and 20 
to 100 Mb in thickness can be produced. The CBMS and PFC processes and its modi- 
fications are extensively used now-a-days for fabrication of rapidly quenched 
materials in industries because of its inherent simplicity and facility for 
making wide variety of continuous ribbons and tapes. 
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Figure 1.4 various CHILL Methods for production of Metallic glass, 
(a) Piston and anvil Method, (b) Taylor process, 

(c) Crucible Melt extraction process, (d) Melt drag 
process, (e) Chill-block Melt spinning technique, 

(f) Planar flow process. 



[c] Surface methods : 


The various surface modification techniques include: sputtering; thermal, 
chemical and electro-deposition techniques; ion or electron irradiation; ion 
implantation; ion mixing; laser surface treatment and solid state diffusion 
reactions. These involve rapid melting and solidification of a limited depth at 
the surface of a more substantial thickness of material acting as the heat sink. 
The starting material in the non RSP surface techniques can be in the form of 
either a solid, liquid or vapour. Only the quantity of material produced per 
run is low when the starting material is in the vapour phase. 

The inherent high quench rates in the sputtering and the evaporation 
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methods i.e., 10 K/s, allows the formation of some metallic glasses (alloys of 

lanthanides) which cannot be produced by other methods. I on- imp lan tat ion methods 

[Grant et al. 1970 ] can achieve an effective quench rate of 10 K/s. The use of 

directed energy and ion beam processing methods for surface modification of 

metallic materials has been reviewed in literature [ Kear et al. 1981 ]. Electron 

and laser beams are particularly suitable for melting small surface areas rang- 
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ing from 10 to 1,000 Mm of a substrate. Typical quench rates derived from such 
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process range from 10 to 10 K/s. Surface melting by lasers has practical 
applications like forming new surface compositions by melting thin films, wire 
or powder on to the substrate surface. Particle injection laser layer technique 
produces thick films by joining amorphous layers. 

1.3.3 Structural models 

Just like crystalline materials, a knowledge of the structure of the 
metallic glasses gives a basis for understanding its physical properties. 
Structural information obtained by experimental techniques can only be fully 
exploited, when this information is compared with the theoretical predictions of 
structural models. The structural models for amorphous metallic alloys have 



evolved in three differently distinct steps . 

In the first attempt, models based on the pioneering work of Bernal [ 1960 
and 1964 ] and Finney [1970] were constructed. Their dense random packing of hard 
spheres (DRPHS) model (Figure 1.5(a)) is based on space filling requirements 
only and no attention is paid to bond directionality. 



Figure. 1.5 structural models for amorphous alloys (a) DRPHS model and 
(b) Gaskell ’ s trigonal units 

The second type of modeling attempted, can be briefly characterized as the 
reappearance of order amidst the disorder and was introduced by Gaskell in 1979. 
These models take into account the directional effects of chemical bonding 
between atoms, and are based on a quasi-random packing of crystalline struc- 
tural units (basically trigonal prisms) rather than on a packing of single atoms 
as depicted in Figure 1.5(b). 

The third type of modeling uses the molecular dynamics technique to build 
the amorphous structure by simulation. 

There are three major problems [Finney 1983] which crop up while modeling 
binary or more complex amorphous alloys via the above two methods. The first 
problem is the requirement of an adequate knowledge of the interatomic forces or 
potentials and pseudopotentials. The second problem is of knowing the chemioal 
ordering in the amorphous alloys properly. The third problem is concerned with 
the 'packing constraints’ applied to construct an amorphous alloy model. These 
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packing constraints are strong structure determinants, yet are poorly 
understood. 

Several techniques are available for the study of atoaic scale structure of 
aaorphous solids [ Schaafsaa 1981 ] , and is conveniently divided as: the direct 
methods and the indirect methods. The first group, consists of determination of 
the total structure factor S(Q) of the metallic glasses by diffraction studies 
using x-rays, electron beam and neutron scattering experiments. These methods 
give direct information about the interatomic distances and their distribution. 
The general conclusion on the basis of numerous modeling studies is that no 
model seems to be satisfactory as yet in explaining quantitatively all features 
of the diffraction profile even in a single metallic glass [Wagner 1985]. 

The indirect method consists of nuclear techniques like Nossbauer spectro- 
scopy (MS) and nuclear magnetic resonance (NMR). These techniques give infor- 
mation about the local environment of the probe atom or nucleus and the distri- 
bution of nearest neighbours around it, which is complementary to that obtained 

with the direct methods. In favourable cases of metallic glasses, the symmetry 
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of the local environment is also reflected. The Mossbauer effect of Fe in Fe- 
Si-B metallic glasses is one such case as discussed in Chapter 4. 

1.3.4 Structural relaxation (an effect of annealing) 

Amorphous alloys or metallic glasses exist in a frozen metastable state. On 
thermal annealing, these alloys have a likelihood to undergo three different 
processes, namely structural relaxation, crystallization and reversible relaxa- 
tion. This can be clearly understood from the plots of volume (V) [ Schaafsaa 
1981], and Gibb’s free energy (G) [Mehrer and Dorner 1989] change with respect 
to temperature as shown in the Figure 1.6. The two solid lines in each plot 
represent the particular property for the liquid and the crystalline solid. The 
liquid state (i.e., above the melting temperature T # ) has a greater volume and 
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lower Gibb* 8 free energy. During glass formation as the temperature is reduced 
the process of the liquid state is followed uptill the glass transition tempera- 
ture Tg. Below that the metastable state (having higher free energy and volume) 
of the liquid gets frozen and the amorphous metallic glass is formed. 



Temperature 


FIGURE 1.6 Temperature dependence of 
volume V and Gibbs free 
energy in amorphous alloys. 


On annealing the as-prepared samples of these glassy metallic alloys for 
the first time for long durations (indicated by S in Figure 1.6), at a tempera- 
ture below T , there is a tendency to relax their structure towards a state 
having a lower free volume and free energy which causes changes in their atomic 
structure. These irreversible changes, collectively known as structural 
relaxation, affects to some extent all physical, properties [Inove et &1. 1985] 
of the metallic glasses. Among these, properties well described by a free-volume 
theory such as density, viscosity, and diffusivity also show changes. The 
decrease in atomic diffusivity can be quite drastic as observed by us (Chapter 
5) and by Horvath and collaborators. This strongly suggests that structural 
relaxation involves principally a decrease in free energy and free volume 
through an increase in packing fraction (e.g. , by elimination of voids), a 
process leading to an increase in topological short range order (TSRO). In 
General, this has been supported by x-ray diffraction studies. 
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1.3.5 Crystallization (an effect of annealing) 

On annealing for still longer tine periods (as shown in Figure 1.6 by the 
arrow Xt) the process tends towards the curve of the crystalline state and hence 
crystallization of the netallic glass takes place. This is also an irreversible 
process leading to an increase in topological short range order (TSRO). The 
temperature at which spontaneous crystallization begins when metallic glass is 
heated is defined as the crystallization temperature T x . For majority of the 
netallic glasses T x is between 40% to 65% of the absolute melting temperature 
(T ) of the allov. It varies from 400 K for magnesium based glasses to more 
than 1200 K for glasses based on refractory metals. Most of the commercially 
important ferro-magnetic iron-based glasses have T x around 700 K T Scott 1986 1. 
Depending on the composition of the glasses, the following reactions have been 
observed during crystallization f Scott 1983, Ranganathan and Baner.iee 1983, 
faster and Hero Id 1981 1 . 

fal Polymorphous crystallization - transformation of the glass to a crystal- 
line phase with no change in composition. Though it is the simplest of reac- 
tions, it is the least common. 

Tbl Eutectic crystallization - transformation of the glassy phase into two 
phases that grow in a coupled fashion. It requires diffusion to enable the 
partition of solute between the two growing phases. 

Tel Primary crystallization - in which the crystals have a composition com- 
pletely different from that of the glassy matrix. It is considered as the ini- 
tial stage of crystallization in many metallic glasses with the primary phase 
being either a terminal solid solution e.g., orFe, or an intermediate phase 
e.g., Cu 1Q Zr 7 in Cu 56 Zr 44 . 

fdl Phase separation - a process where the glass separates into two compo- 
sitionally distinct glassy phases, which then crystallizes independently. 
Though it is the basis of many glass ceramics, it is relatively scarce in 
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■etallic glasses. 

Though metallic glasses crystallise according to one of the above 
mechanisms; aost often the dominant crystallization mechanism is unclear. In 
■any cases of crystallization, one or aore aetastable phases are foraed before 
the equilibriua phases occur. The aeasured crystal growth rates in aetallic 
glasses do not in general agree with the independent aeasureaents of diffusion 
rates or diffusion coefficients [Cantor 1982 }. 

The devitrification or crystallization of aetallic glasses has enoraous 
practical iaplications. The soft ferromagnetic properties of glassy Fe-B-Si 
alloys are drastically reduced at the onset of crystallization [Lvborsty 1979] . 
However, partial or full crystallization in soae aetallic glasses is used to 
produce novel and useful aicrostructures within the glassy appliances, unobtain- 
able by other Beans. 

Therefore for industrial applications, it is essential that the glassy 
alloys are guaranteed to resist crystallization over a span of 20 years at 
typical working temperatures of 100-200 °C. Hence without a detailed knowledge 
of their long term thermal stability, one cannot use them confidently. The 
atomic diffusion is one such process which can be studied to understand and 
confirm the thermal stability of the metallic glasses. 

1.3.6 Reversible relaxation (an effect of annealing) 

Reversible relaxation process refers to the cycling of the system between 
different structures by annealing at different temperatures (indicated by Re in 
Figure 1.6). However, Bince the energy of a aetal is a strong function of 
volume, it seems unlikely a priori, that reversible relaxation involves signifi- 
cant changes in volume. For this reason there has been a tendency to attribute 
reversible effects to a volume conserving anelastic deformation (e.g., by local 
shear through bond reorientation affecting the arrangement of the various 



chemical species), with the driving force being a change in compositional or 
chemical short range order(CSBO). Unfortunately only few measurements have been 
made to test these results directly and quantitatively. Probably the most com- 
plete said direct evidence of structural changes has been obtained [ Inove et si. 
1985, Brining et si. 1978, Chen 1981 ] by measuring the enthalphy of relaxation. 

1.4 Diffusion 

The migration of an atom through any material by random motion is called 
diffusion. The making and breaking of chemical bonds in matter always require 
some diffusive notion by the ions or atoms. As a result, the energetics and 
mechanism of diffusion control the kinetics of nearly all solid state chemical 
reactions. Some of the important solid-state reactions where diffusion plays an 
important role are: ( i ) corrosion; ( i i ) hardening of structure alloys by precipi- 
tation; (iii)doping of semiconductors; ( iv) sintering; (v)radiation damage; and 
in the present context (vi)crystallization and phase precipitation in amorphous 
structures. Hence diffusion is of considerable practical importance. In certain 
types of solid state reactions the diffusion lengths vary from a few nm to few 
hundred nm, over a temperature range of practical interest. This makes the 
diffusion experiments difficult and challenging. 

1.4.1 Techniques of diffusion measurement 

Experimental measurements of diffusion in the solid state were first made 
by Boberts-Austen [1896]. The radioactive tracer technique was established for 
accurate measurements of diffusion in solid state materials by the use of radio- 
isotopes for the first time by Tomixuks [1959]. The first diffusion measurements 
on amorphous alloys was performed [Gupts et si. 1975], by studying the diffusi- 
vity of Ag in PdgjSi^. Several direct and indirect methods [Csntor sad Cshn 
1983, Mehrer end Dorner 1989] are presently employed for diffusion studies in 
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metallic glasses. A few of these methods are mentioned below. 

fal Direct methods: 

In all direct methods of investigation of diffusivity the diffusion couples 
are made by either thermal evaporation of natural elements or ion-implantation / 
sputter deposition of the diffusing species (in the form of natural elements or 
radioactive tracers) on to the alloy surface. The main disadvantage of ion- 
implantation is of a possibility of damaging the alloy structure and locally 
enhancing the diffusivity. The advantage of using radioactive tracers is of 
conveniently studying the self-dif fusivity of the amorphous alloys. 

Migration of the diffusing atoms of the diffusion couples are obtained by 
thermal annealing or by heavy ion irradiation. The depth versus concentration 
profiles of the diffusing elements is then obtained by (a) sputter erosion of 
the surface layers and determining the radioactivity of the radioactive tracers; 
(b) sputter erosion of the surface and composition analysis by secondary ion 
mass spectroscopy (SIMS), Auger electron spectroscopy (AES) and secondary 
neutral particle mass spectroscopy (SNMS); (c) Rutherford back-scattering 
spectrometry (RBS) or Nuclear reaction analysis (NRA) using MeV ion beams. 

Sputter erosion techniques are destructive in nature; profiling of the 
eroded surface can cause errors in the depth measurements. Self diffusion can be 
studied conveniently by SIMS or SNMS as it discriminates between different 
isotopes while AES and RBS discriminates between different elements only. Hence 
the diffusing species has to be different from the constituents of the alloy in 
case of AES, RBS and NRA. By RBS, diffusion of heavy atoms can be studied in an 
alloy having comparatively lower atomic weights constituents; by NRA light 
elements can be studied; while this factor is not observed in AES. In contrast 
to sputter profiling methods, RBS and NRA are non-destructive. 



Tbl Indirect methods: 


Several indirect methods are being used for studying diffusion in metallic 
glasses. There are several phenomenon related to atomic migration and hence by 
studying their variation with annealing time and temperature one can obtain the 
diffusivity in the metallic glasses. The important methods applied in the case 
of metallic glasses are: (a)estimation of the self-diffusivity from measurements 
of crystal growth rates during thermal annealing T Koster et a 1. 1981 1; 
(b) estimation of self-diffusivity from measurements of segregation of the 
diffusing species to a free surface \ Baer et al. 1981 1; (c) estimation of the 
inter-diffusivitv on annealing of thermally deposited films of amorphous alloys 
\ Greer et al. 1982 1. 

Indirect determination of diffusivity should be treated with caution 
\ Cantor and Cahn 1983. Mehrer and Dorner 1989 1, because additional assumptions 
are made while employing these processes. 


1.4.2 Diffusion equation and its solution 

The rate of flow (flux) of an atomic species in a medium is directly pro- 
portional to its concentration gradient. The proportionality constant is called 

2 

as the diffusion coefficient or diffusivity (of dimension m /s). The phenomeno- 
logical relationship between the two is known as the Fick’s Law and is given by 
the three dimensional eauation f Fick 1855. Manning 1968 1, 


( Pin An An \ -» 

J = - I D ^ + D ^ + D s- I = “D. y C. 

V. xx ox yy dy zz o% 1 n l 


( 1 . 1 ) 

where J (the flux), is the number of particles passing through a plane of unit 


area per unit time: C is the concentration; and are the diffusion coeffi- 
cients along the three principal crystallographic axes. The diffusion coeffi- 
cient D is characteristic of each system and all the physics of the mass trans- 
port is contained in it. In the temperature range 20-1500 °C, the values of D 

-20 -42 

for solids are within the limits from 10 to 10 cm /s. For an isotropic 
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medium or a solid with cubic symmetry D = D = D Eauation 1.1 reduces to 

xx yy zz 

J =-d| (1.2) 


When Equation 1.1 is combined with the equation of continuity : 

0C 


0t 


= - V . J 


it yield’s Fick’s second law : 


ac 

0t 


= V. ( D V C ) 


(1.3) 


(1.4) 


For a homogeneous medium. D is independent of concentration, hence in three 


dimension the diffusion equation is written as : 

0C „ 0 2 C „ 0 2 C „ 0 2 C ^ „2 „ 
37 = D — ^ + D — ^ + D — £ = D. . V c. 
at xx g 2 yy ^ 2 zz ^ 2 n l 


(1.5) 


Considering an isotropic medium and one dimensional diffusion direction, we can 
write : 

( 1 . 6 ) 


dC 0 2 C 

at “ u o 2 

0X 


In general D is obtained by Fick’s second law, i.e., Equations 1.3 to 1.6, 
rather than the first, because concentrations are easier to measure than fluxes 
(exceptions being diffusion of a gas into or out of a solid). Also the 
magnitudes of D in the solid state are so small that the required steady state 
is seldom reached. 

The analytical solution {C(x.t)} of the diffusion equation, has been 
reported in the literature for various initial (IC) and boundary conditions 
(BC), which are related to the different experimental configurations viz., thin 
film geometry, thick film geometry, etc.. The initial conditions corresponds to 
the distribution of the diffusing species in the sample before diffusion, and 
the boundary conditions describes what happens to the diffusing species at the 
boundaries of the sample while diffusion takes place. One most often determines, 
C(x) at constant t, i.e., concentration distribution along the diffusion direc- 
tion after a time period t. The solutions to the diffusion equation for some 
common geometries are described below f Crank 1975, Borg et al. 1988] : 
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FIGURE 1*7 Solutions to various diffusion 
geometries: fa) thin layer 

fb) thick layer and 

fc) semi-infinite. 




[a] Thin layer or Instantaneous source geometry 

In this geometry an infinitesimally thin layer £<</DtJ , of diffusing 
substance is deposited on one surface of a semi-infinite substrate as shown in 
Figure 1.7(a). Considering Cq as the initial concentration of the diffusing 
substance, t as the time taken for diffusion and 6 as the dirac-delta function 



In this case the film thickness h, is of the order of the diffusion 
distance f/Dt). Considering Cq as the initial concentration of the diffusing 
substance (Figure 1.7(b)), we have, 


IC : C(x,0) = C Q h i x * 0 

C(x,0) =0 x > h 

BC : || (0,t) = 0 

c 

Solution : C(x,t) = -x-f erf f- ^— — ^-j + erf 

1 L V /4Dt 



( 1 . 8 ) 
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[c] Semi-infinite couple geometry 

The edges of the couple are well beyond the diffusion distance (>>/5t), 
such that the concentrations at the edges reaain unchanged (Figure 1.7(c)). In 
this case: 

IC : C(x,0) = C Q x < 0 

C(x,0) =0 x > 0 


Solution : C (x,t) = Cq 



(1.9) 


The error function erf(z) in the above equation is given by 


erf 


<■> ■ (-4 


o 


( 1 . 10 ) 


Numerical values of the error function are available in tabular fora, which are 
computed by using the following series expansion [Borg et &1.1988 ] 

2 


J e" dT) = 


00 


1/2 


3 5 7 . 

i x ” if 3 + 2^5 "* 3T7 + J 


( 1 . 11 ) 


[d] Numerical method 

Apart from the analytical solution given above, the diffusion equation can 
be solved numerically to obtain the concentration profile. This method has been 
utilized by Sharaa [1986] to obtain diffusion coefficients of various elements 
in metallic glasses. In this method the sample surface region is divided into N 
number of layers each of width Ax. N is chosen such that 

N*(Ax) » /4Dt (1.12) 

The time period for diffusion iB divided into time steps At, with the condition 


that 


2*D*(At)s (Ax) 2 or (Dx(At)]/(Ax) 2 * | 


(1.13) 


The concentration profile is then obtained from the finite difference analogue 


C. (t+At) = C. (t) + C. 1 (t) - 2C.(t) + C. t (t) 1 

1 1 (Ax) 2 L 1+1 1 1-1 i 


(1.14) 


for i = 1,2,3, ... .N. 
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In each of the above four cases, the concentration profile is obtained by 
giving an approximate value to the diffusion coefficient D. The theoretical 
profile thus obtained is then folded with a Gaussian type depth resolution func- 
tion and compared visually with the experimentally determined profile. The 
diffusion coefficient of the diffusing species (film) is the one, which has been 
used to obtain the best fit profile. 

In the present work both analytical solutions and the numerical method have 
been utilized to obtain the diffusion coefficients and both procedure gave 
similar results. 

1.5 Arrhenius law and activation energy 

The diffusion coefficient D haB been observed to vary with the annealing 
temperature, according to the following equation 

D = D q exp[- (1.15) 
where Q is the activation energy, Dq is the pre-exponential factor, k is the 
Boltzmann’s constant and T is the temperature at which diffusion takes place. 
This is known as the Arrhenius law, and is observed in all crystalline 
materials. The D-values are plotted (along the y-axis) against the inverse 
annealing temperature (1/T) in a semi-log graph. The slope obtained from the 
plot gives Q/k and the intercept on the y-axis, gives the Dq value. For most 
crystalline materials, characteristic values of Q range from 8 to 30 eV/atom 
(i.e., 20 to 70 kcal/mole) and that of Dq are generally in the vicinity of unity 
[Borg et al. 1988 ']. 

Though the diffusion data available for amorphous materials is much less 
(as compared to it’s crystalline counterpart), Arrhenius ‘type of behaviour has 
been observed (within experimental error) in these too. In general activation 
energy of metallic glasses is determined from the Equation 1.15, which is con- 
sidered as a direct method. It is possible to determine the activation energy by 
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indirect methods too. Some of these are (i)by X-ray diffraction methods [Meng 
and Vang 1986 , Egami 1978]; from viscosity measurements [ Taub and Spaepen 1980]; 
from internal friction method [Berry 1978, Yoon and Eisenberg 1978, Tyagi and 
Lord-Jr. 1979]; stress relaxation method [Luborsky and Valter 1978 , Ast and 
Krenitsky 1979, Berry 1978 J; steady state creep [Patterson and Jones 1980]; 
magnetic annealing [Luborsky 1976]; etc,. 

Activation energies in relaxed amorphous alloys are in the range 0.6 to 3.5 

eV, similar to crystalline self-diffusion and substitutional impurity diffusion. 

*“16 12 2 

Frequency factors are very varied, ranging from 10 to 10 m /s. An approxi- 
mately constant activation energy and frequency factor in each diffusion couple 
indicates, that within experimental error a single diffusion mechanism is 
operating over the range of temperatures studied. For amorphous metallic glasses 
the diffusion data available at present, has not yet given any definite 
indication about the diffusion mechanism in them. 

1.6 Brief review of diffusion in metallic glasses 

Diffusion data on amorphous metallic alloys or metallic glasses have 
recently started to accumulate, inspite of the difficulties associated with 
measuring the small diffusion rates. These diffusion measurements have made it 
possible to make reasonable generalizations about diffusion rates and mechanisms 
in amorphous alloys [Cantor and Cahn 1983 , Cantor 1985, Horvath and Mehrer 1986, 
Mehrer and Dorner 1989] although several questions still remain unsolved. A 
compilation of diffusion studies (by direct measurements) on metallic glasses is 
given in Table 1.2. Diffusion coefficients determined by indirect methods [Baer 
et al. 1981 , Greer et al. 1983 , Greer 1987] , have yet to be understood 
thoroughly. 

Kijek et al. [1984] have proposed two types of diffusion mechanism on the 
basis of coaparision of D-values of different diffusing species in metal- 
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see footnote at beginning of the table 
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T f IBS 533-643 R 2,40 2*70*10 C Horvath et al. (1986a) 
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metalloid metallic glasses on a D-vs-l/T plot, showing higher diffusing rates 
for B and Si as compared to others. Though on a normalized arrhenius plot, this 
difference was not observed [Cantor and Cahn 1983], and a progressive change in 
diffusion mechanism from large atoms such as Au to lighter atoms such as Li has 
been suggested. A general trend of increase in diffusion coefficient with 
decreasing atomic size of the diffusing species has been suggested too. 

In almost all investigations, the diffusion coefficients of metallic 
glasses have been found to decrease with decreasing temperature as is observed 
in crystalline counterparts. Recent observations [Horvath and Hebrer 1986 , 
Horvath et al. 1988, Mehrer and Dorner 1989] have shown the time dependence of 
the diffusion rate. The diffusion coefficients decrease in the course of iso- 
thermal annealing to a constant value as a result of structural relaxation in 
the alloy. They have also observed that in the as-quenched samples, D-values 
are higher and activation enthalphy G is smaller than that of the relaxed 
samples. Since relaxation increases the volume density in melt-spun metallic 
glasses [Gerling 1985], the elimination of excess free volume, must be involved 
in this process. 

Bokstein et al. [1989], have suggested that the typical value of diffusion 
path is less than 10-20 nm. irrespective of annealing time. Hahn et al. [1988] 
and Hoshino et al. [1988] have observed a trend of decrease in diffusion coeffi- 
cients with increasing atomic radii of diffusing species to some extent. In 
some cases, (i.e., for larger diffusing atoms) the reverse has been observed. 
The diffusion of atoms with smaller radii, has been suggested to take place by 
an interstitial-like process and that of the larger atoms like Au, Ti, Zr, etc. 
via a vacancy-like mechanism. 

Diffusion of hydrogen in metallic glasses has a special interest and 
characteristics of its own. Technological importance like hydrogen storage and 
hydrogen embrittlement being a few of the possible reasons. There has been a 



large number of measurements and publications of diffusivitv of hvdrogen in 
metallic glasses in recent years f Berrv et al . 1981 * Takagi et al. 1981 * 

Kircheim et al. 1982 . Sakamoto et al. 1984 . Yamakawa et al. 1989}. 

1 . 7 Brief review of phase precipitation studies in 

METALLIC GLASSES BY MOSSBAUER SPECTROSCOPY 

Phase precipitation and amorphous to crystalline transformation in metallic 
glasses has drawn considerable attention in recent years. Mdssbauer spectro- 
scopic technique which has become an important tool for the study of phase 
identification in several metallurgical systems, has shown interesting results 
in the case of metallic glasses too. A brief compilation of phase formation 
studies in metallic glasses by Mbssbauer spectroscopy is given in Table 1.3. It 
should be pointed out that the Table may not be complete and some published work 
may not be listed. 

The most intensively studied glasses are the binary ones. Fe^^B^, f Sanchez 
et al. 1989 , Kemenv et al. 1979. Chien 1978 , Takacs et al. 1985 1 because they 
have the simplest possible forms. Two types of crystallization process have been 
observed in these alloys . Fe-B alloys having boron concentration less than 
16at.%B, precipitate <x-Fe and metastable Fe^B, which decomposes at still higher 
temperatures into c*-Fe and FegB T Kemen y et al. 1979. Schaafsma 1981, Singru et 
al. 1985, Sanchez et al. 1989 1. Alloys with more than 16at.%B concentration, 
crystallizes into cx-Fe and Fe^B only \ Kemenv et al. 1979 , Sanchez et al. 19891. 
Bauer-Grosse et al. \ 19851, have obtained several Fe-C phases in their studies 
on Fe-C metallic glasses. 

Ternary metallic glasses have been studied too. with extensive work being 

done in the alloys having the composition Fe-Si-B. Masumoto et al. 119761, had 

reported that oi-Fe precipitated during the crystallization process of the alloy 

Fe„ 0 B 10 Si in , whereas Ok and Morrish \ 19801 found Fe-Si phase instead of o:-Fe in 
/ o 1Z 1U ‘ 
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TABLE 1.4 


BRIEF REVIEW OF PHASE FORMATION STUDIES IN METALLIC GLASSES 
BY MOSSBAUER SPECTROSCOPY 


Metallic 

glass 

Final Phases 
Obtained at T>T^ 

Reference 

Fe i B 

1-x x 

a-Fe,Fe 0 B— > 

Keaeny et al. 1979 

3 

(25Sxj£12) 

2a-Fe,Fe 2 B 


Fe, B 

1-x X 

ot-Pe,FegB — * 

Singru et al. 1985 

(26S X S13) 

2a-Fe , Fe 2 B 


Fe 86 B 14 

a-Fe , o-Fe^B , t-Fe^B 

Sanchez et al. 1989 

Fe-17at.%B 

a-Fe,Fe 3 &— ► 

2a- Fe , Fe 2 B 

Oshisa et al. 1981 

Fe 1 B 

1-x X 

a-Fe,Fe 3 B — * 

Schaafsaa 1981 


(22.3Sx=£15) 

2a-Fe,Fe 2 B 


Fe 80 B 20 

a-Fe,FegB — * 
2a-Fe,Fe 2 B 

Chien and Hasegawa 1977 

Fe 80 B 20 

o-Fe 3 B,t-Fe 3 B,a-Fe 

Sanchez et al. 1989 

Fe 80 B 20 

a-Fe,t-Fe 3 B 

Singhal et al. 1992 

Fe 75 B 25 

a-Fe,o-Fe 3 B,Fe 2 B 

Sanchez et al. 1989 

Ffi- C 

1-x X 

(19*x*50) 

FegC , Fe^Cg , Fe^Cg 

Bauer-Grosse et al. 1985 

Fe 50 Sl 50 

a-Fe,Fe 3 Si 

Yaaakawa et al. 1979 

Fe 30 Sl 70 

/?-FeSi 2 

Yaaakawa et al. 1979 

Fe 91 Zr 9 

a-Fe,Fe 3 Zr 

Ghafari et al. 1982 

Fe 90 Zr 10 

a-Fe»Fe 3 Zr,Fe 2 Zr 

Fujinaaa & Ujihara 1985 

Zr, Fe 

Zr 0 Fe,Zr„Fe 

Ghafari et al. 1982 

1-x X 
(25<x<29) 




Fe-Co, (Fe, Co ) 2 B 

Klein et al. 1982 

Fe-Co : b.c.c. 

solid solution. 


FegBjFegBtFegSi 

,Fe 3 Zr, ( Fe-Co ) 2 B, etc., : 

tetragonal phases 



BRIEF REVIEW OF PHASE FORMATION STUDIES IN METALLIC GLASSES 
BY MOSSBAUER SPECTROSCOPY (continued) 


Metallic 

glass 

Final Phases 
Obtained at T>T 

x 

References 

Fe 74 B 16 Co 10 

a-(Fe-Co),Fe 2 B, 

(Fe-CoIgBjFegB 

Bhatnagar et al. 198S 

,Fe x Ni l-x l 80 B 20 

(0.875*xS0.5) 

a-(Fe-Ni),(Fe-Ni) 2 B 

Sitek & Gabris 1982 

(Fe l-x> ,i x ) 3 B 

Fe 3 B,Ni 3 B 

Schaafsaa 1981 

Fe 40 Nl 40 B 20 

a-(Fe-Ni-B) ,o-(Fe-Ni), 

jB Bauer et al. 1985 

Fe 80 B 12 Sb 8 

a-Fe,Fe 3 B,Fe 1+x Sb 

Veraa & Wappling 1985 

Fe 84 B 10 Si 6 

Fe 2 B,Fe-Si 

Zaluska et al. 1982 

Fe 83 B 12 Si 5 

a-Fe. FegB, Fe-Si 

Nowik et al. 1988 

Fe 82 B 12 Sl 6 

Fe-Si(8nn) ,Fe-Si(7nn) , 
Fe-Si(6nn) ,Fe 2 B 

Ok & Morrish 1980 

Fe 80 B 18 Sl 2 

a-Fe , Fe 3 B 

Singhal et al. 1992 

Fe 80 B 12 Si 8 

ot-Fe , Fe 2 B , Fe-Si 

Singhal et al. 1992 

Fe 79 B 16 Sl 5 

a-Fe , FegB , Fe- 1 Oat . XSi 

Bahgat et al. 1983 

Fe 78 B 12 Sl 10 

a-Fe , Fe 2 B 

Masuaoto et al. 1976 

Fe 78 B 13 Si 9 

Fe-Si (8nn), Fe-Si (7nn), 

Fe-Si (6nn) , Fe-Si (5nn) , 
Fe-Si (4nn),Fe 2 B 

Nagarajan et al. 1988 

Fe 75.4 B 14.2 Sl 10.4 

Fe 2 B,Fe-Si(5 sextets) 

Ok et al. 1981 

Fe 75 B 25-x Si x 

(18Sx*6) 

Fe 2 B,Fe-Si(3 sextets) 

Zaluska et al. 1982 


Fe-Si, Fe-Ni,Fe-Co, etc. : b.c.c. solid solution. 
FegB^egBjNigB, etc. : tetragonal phases. 
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BRIEF REVIEW OF PHASE FORMATION STUDIES IN METALLIC GLASSES 
BY MOSSBAUER SPECTROSCOPY (continued) 


Metallic 

glass 

Final Phases 
Obtained at T>T 

X 

References 

Fe 75 F 18 C 7 

a-Fe,Fe 3 P,Fe 2 P-» 

Shaafssa et al. 

1977 

a-Fe,Fe 2 P 



Fe 80 P 13 C 7 

ot-Fe,Fe 3 P»Fe 3 C 

Shaafsna et al. 

1977 

Fe 83 P ll C 6 

«-Fe,Fe 3 P,Fe 3 C 

Shaafsaa et al. 

1977 

Fe 81 B 13.5 Si 3.5 C 2 

Fe-Si, Fe 2 B,Fe 3 C 

Saegusa k Morrish 1982 

Fe 81 B 13.5 Si 3.5°2 

a-Fe,Fe 2 B,Fe 3 C 

Bhanu Prasad et 

al.1983 

Fe 81 B 13.5 Si 3.5 C 2 

Fe-Si ( 8nn ), Fe-Si (8nn) , 

Fe-Si ( 7nn) , Fe-Si (7nn) , 

F *2 ,BC) 0.91 

Nagarajan et al. 

1988 

Fe 78 B ll Si 9 C 2 

2-step crystallization 

Gupta et al. 1985 

Fe 67 B 14 Sl l Co 18 

Fe-Co ( 5nn ) , Fe-Co ( 6nn ) , 
Fe-Co ( 7nn ) , ( Fe-Co ) gB 

Nagarajan et al. 

1988 

Fe 67 B 14 Si l C °18 

«-( Fe-Co ),( Fe-Co ) 2 B, 

( Fe-Co ) 3 B 

Bhatnagar et al. 

1985 

Co 70.3 Fe 4.7 Sl 15 B 10 

of- Co , j?— Co , COgSi , COgB 

Wolny et al. 1982 

Fe 40 Nl 38 B 18 Mo 4 

Fe-Ni, ( Fe-Ni ) 3 B 

Mizgalski et al. 

1981 

Fe 40 Ni 38 B 18 M °4 

( f cc) F e-Ni, o-( F e-Ni ) 3 B 
Fe 23 B 6 (c) 

Battezatti et al 

. 1982 

Fe 40 Nl 38 B 18 Mo 4 

«-(Fe-Ni),o-(Fe-Ni) 3 B, 

Fe 2 B,MoFeB 2 

Battezatti et al. 

. 1982 

Fe 40 Ni 38 B 18 Mo 4 

Fe-Ni ( 5nn) , Fe-Ni (6nn) 

Nagarajan et al. 

1988 

Fe-Ni (7+8nn),(Fe,Ni) 3 B, 
(Fe-25at . %Ni-16at . %Mo ) 2 

B 




Fe-Si , Fe-Ni , Fe-Co : b.c.c. solid solution. 

Fe 2 B,Fe 3 B,Fe 3 B,(Fe-Co) 3 B,Co 2 B,(FegNi) B : tetragonal phases. 
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the system * ?e g2 B i2 S *6‘ Ok et al. [1981] obtained as final products FegB and 
Fe-18.lat.XSi phase in the alloy Fe^g 4^4 2®*10 4’ * n cr F 8 ^ a Hi za ^^ on study 
of the series FeygB2g_ x Si x alloys, Zaluska et al. [1982] observed FegB and Fe-Si 
phases, besides observing an ordered Fe^Si phase for higher Si concentration 
alloys. Bahgat and Sbaisha [1983] reported a fully crystallised Material of 
metallic glass Fe^gB^gSig at 708 K which contained three phases, a-Fe, FegB and 
Fe-lOat.XSi. The crystallized products of Fe^gB^Sig, after annealing the sample 
at 800 K (5h), as reported by Nagarajan et al. [1988] were FegB and 
Fe-14.8at.XSi. Klein et al. [1982] showed the final crystalline products of 
FeggCOgQBgg after annealing at 1000 K to be Fe-Co and (Fe-CoigB. Nowik et al. 
[1988] reported that the final products of metallic glass FeggB^gSig after 
annealing at 700 K are a-Fe, FegB and Fe-Si. 

Nagarajan et al.[1988] studied the crystallization mechanism of quarternary 
iron based metallic glasses Feg^B^ gSig gC 3 , Fe^gNi^gB^gMo^ and Feg^Co^gB^Si^ 
too. The final phases of Fe gl B 13 gSig gCg after annealing at 1000 K (5h) were 
FegfBOg g^ and Fe-6. 9at.%Si. Crystallized Fe^Ni^gB^gMo^ precipitated Fe-Ni, 
(Fe-Ni)gB and Fe^gNigMo^B^ phases. The final crystalline products of the alloy 
FegyCo^gB^Si^ on annealing at 1000 K were Fe^COjgSij and FeggCog B 14 . For 
Fe 01 B. „ c Si 0 r C 0 , Saegusa and Morrish [1982] reported the crystalline products 
to be Fe-7at.XSi, FegB and Fe^C. Bhanu Prasad et al. [1983], obtained a-Fe 
instead of Fe-Si for the same alloy. Mizgalski et al. [1981], concluded that the 
final products in Fe^gNiggB^gMo^ are Fe-Ni and (Fe-Ni )gB. According to 
Battezatti et al. [1982], this metallic glass after annealing at 1000 K yields 
Fe-Ni, (Fe-Ni )gB and ^ e 23 B 6 and after annealing at 1200 K yields FegB and 
MOgFeBg besides Fe-Ni and (Fe-Ni )gB. Both Omori et al. [1977] and ffolny et al. 
[1982] observed the final products in Co^g gFe^ ^SijgBjg, as Co, COgSi and CtogB. 



CHAPTER 2 


THEORETICAL BACKGROUND AND FORMALISM 
2.1 Rutherford Backscattering Spectrometry 

Rutherford backscattering spectrometry (RBS) is a well established method 
for determining the depth versus concentration profile of an impurity in a host 
material and identifying the mass of the impurity and the host atoms. It is 
based on the framework of the discoveries of Rutherford [1911] and of Geiger and 
M&rsden [1913]. The method has been described in detail by Chu et al. [1978]. We 
wish to highlight the basic principles involved in this method for the sake of 
completeness. 


Targetatom (M) 


He+ beam (rr\VtvEo) 

o 



(rrvVXEl) 


SB. 

elector 


FIGURE 2.1 Schematic diagram of the backscattering process 


The technique (as described schematically in Figure 2.1) basically involves 
the scattering of monoenergetic, collimated beam of particles (Ht Het etc.,) 
from a target (sample). The particles scattered backwards by angles of more than 
90° from the incident direction are detected and energy analyzed by a detector. 
The basic physical phenomenon occurring at the target are: 

(i) The process of energy transfer from the incident particle to the target 
nucleus in an elastic two-body collision. This leads to the concept of kinematic 
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factor (K) and the capability to determine the mass of the target nucleus. 

(ii) The process of the probability of occurrence of a two-body collision, 
which leads to the concept of scattering crosssection (a) and the capability to 
quantitatively analyze the atonic composition of the target. 

(iii) The process of average energy loss of the projectile aton through the 
target. This leads to the concept of stopping cross-section (e) and to the 
capability of depth perception. 

(iv) The process of statistical fluctuations in the energy loss of the 
projectile in the dense target. This phenomenon leads to the concept of energy 
straggling (0) and to a limitation in the ultimate mass and depth resolution of 
backscattering spectrometry. 

2.1.1 Kinematic factor and mass identification 

When a particle of mass m (atm. no. z), moving with constant velocity v Q , 
collides elastically with a stationary particle of mass M (atm.no. Z), energy 
will be transferred from the moving particle to the stationary one (Figure 2.1). 
For the collision between the atoms to be elastic, the following conditions must 
be satisfied: 

(i) the projectile energy of the incident aton (i.e., the incident energy 
Eq) must be larger than the binding energy of the atoms in the target i.e., 
above lOeV and 

(ii) the projectile energy should not be so high bo as to cause nuclear 
reactions and resonances in the target. For a He + projectile beam these start to 
occur at 2 MeV. 

The ratio of the projectile energy after the collision (E^) to that before 
the collision (Eg) is defined as the kinematic factor K and provides the basis 
for mass identification in backscattering spectrometry i.e., 

K = (Ej )/(E Q ) (2.1) 
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and fro® conservation of energy and nonentuB one obtains 

12 

||I— |K/KJ Bin OJ ? JE/rnjCOBOj f 

*M = 


K‘-M 

2 . 5 

Bin 

V 

1/2 + (b/m)cos0)] 


1 + 

[*/k) 

] 2 


( 2 . 2 ) 


if b/M = X , we get 


*N 


[( 1 - X 2 Bin 2 e] 1/2 * x cose ] ; 


(2.3) 


['•■F 

When the projectile and target Basses are equal i.e., X=l, is zero for 

scattering angle 0, larger than 90°, which Beans the incident atom can only be 


scattered forward and not backwards; for 0 = 180 


K - fLi. - -uy 

K " [i 1 + X )J 


(2.4) 


and for 9 = 90° 

K ' TTTTT <2 - 5 > 

i.e., the value of the kinenatic factor at 0=180° is the square of its value at 
0=90? Hence values of 0 near 180° are of special interest in backscattering 
spectroscopy. Considering 9=n~8 or 6=Jt-0, where 8 is the ninute deviation of 0 
from n (in units of arc) one gets on expanding the kinenatic factor as 

K ■ ({ } ^ x {) 2 ( 1*IS ! ) (2.6) 

Equations 2.1 and 2.2 give an idea of how backscattering spectroscopy 
acquires its ability to deternine the Bass of the target. If Eg, b and 9 are 
known, then on neasuring the energy Ej after collision, the Bass M of the target 
can be deternined, thus providing the aass analysis. How if the target contains 
two types of atons whose masses are close to each other i.e. , their Bass 
difference AM is SBall, then the variation of energy after collision of the two 
target Basses, i.e., AE^ should be quite large so that it can be aeasured. In 
quantitative terns, AE^ and AM are related as: 

AE X = E 0 (dK/dM]AM (2 -?) 

Values of K near 0=180° is approxinated by Equation 2.6. Inserting the 
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derivative of K (with respect to a) in Equation 2.7, we get 

AE 1 = E Q [4 - 5 2 )(b/m)am (2.8) 

Hence to obtain a good mass resolution i.e., to increase AE^, the coeffi- 
cient of AM should be large i.e., either Eq should be high, or 6 should be small 
i.e., 6 should be as near to 180° as possible, or a should be large. Therefore 
for good mass resolution, Rutherford backscattering is done for values of 0 
ranging from 150° to 180°. 

2.1.2 Scattering cross-section 

The differential scattering cross-section , (which has dimensions of 

area) , is the concept introduced to determine the occurrence of the two-body 
collision which ultimately results in a scattering event at a certain angle 0 
and the reception of a signal at the detector. 

If Q is the total number of particles impinging on the target and dQ the 
number recorded by the detector, then the differential scattering cross-section 
is given by: 

= (l/Nt) [ (dQ/dfl) /q] (2.9) 

where d£) is the differential solid angle scanned by the detector and it is so 

small that the scattering angle 0 is well defined; N is the volume density of 

the atoms in the target and t is the thickness of the target. Therefore Nt is 

the area density of the target in atoms per unit area. The thickness t is such 

that the energy loss of the incident beam is minimal within the target. Also 
dQ 

■ ■- - - has to be a well determined value, hence Q >> dQ. 

W 

The differential scattering cross-section ^ is imagined to be the area 
presented by each nucleus of the target atom to the beam of incident particles, 
such that the areas of the nuclei do not overlap. It is calculated on the basis 
of conservation of energy and momentum by implementing the force acting during 
the collision. In most cases it is represented by the coulomb like forces, as 
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long as the distance of closest approach is large compared to nuclear dimensions 
and small compared to the Bohr radius a (equal to =0.53 X). With these 
assumptions in the laboratory frame of reference, Equation 2.9, turns out to be: 


da 

Z z e Z 

I 2 4 [ 

MH 

2 . 2^ 
! sin 0 

j 

j 1/2 

+ cosOjJ 

6Q " 

4E 

I | 

MH 

2 • 2,0 
sin al 

2 


( 2 . 10 ) 


In the vicinity of 180, the scattering angle 0 is equal to n-6. The 
scattering cross-section expanded in terns of 6 is then given as 


da 

<K) 


- prtVnT* h* 


( 2 . 11 ) 


here b = 1 - 3 {b/mJ ^ + 2 

This predicts that for values of 0 near 180, the scattering cross-section Si does 
not change much with scattering angle 6. For n << M, Equation 2.10 can be 
expanded in the power series ( Marion and Young , 1968) 

2i2. 


da 

dQ 




lie 


( 2 . 12 ) 


4E '] [( 8in “f~)” 4 ” 2 ( -/M ) 2 + *••] 

where the first omitted term is of the order of ^m/M^®. This expression reveals 

the significant functional dependence of the Rutherford differential scattering 

cross-section, i.e., 

d0 2 

(i) -jjgj- is proportional to [Z] ; hence the backscattering yield obtained 
from He + beam is four times as large with a proton beam (H + ) but a ninth of that 
produced by a carbon beam. 

(ii) is proportional to [i] ; hence for a given projectile, heavier 

the target atom, more efficient is the scattering as seen in the case of heavy 

elements like Au as compared to Al. 

da 


(iii) 


dO 


is inversely proportional to the projectile energy, hence 


scattering yield rises rapidly with decreasing projectile energy. 


(iv) 

(v) - 


da 

dfl 

da 

df) 


is proportional to the scattering angle 6 . 


e 


is inversely proportional to the fourth power of sin ^ for m « M, 
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i.e., the scattering yield is more when the scattering angle is reduced. 

Scattering cross-section is usually expressed in barns per unit steridian., 

-24 2 

(where 1 barn is equal 10 cm ). 


2.1.3 Stopping cross-section factor 

As we know from section 2.1.1, if the incident projectile ■ has energy Eq, 
then on scattering from the surface of the target it has energy K^E^. Actually 
as the energetic incident projectile penetrates into the target, it slows down 
and its kinetic energy decreases. It loses energy by encountering an electron of 
an atos causing electronic energy loss , or interacting with atosic core 
causing nuclear energy loss [ . The important point is that electronic energy 
loss is dominant in the energy range at which backseat ter ing is performed. The 
amount of energy lost (AE) per distance traversed (Ax) depends on the identity 
of the projectile. The energy E at any depth t below the surface is then given 
by the expression 


E(x) 



(2.13) 


where (dE/dx) is the energy loss or stopping power of the target. This is the 
energy of the projectile just before scattering from a depth. The energy Ej of 
the projectile after scattering and emergence from the target (which is detected 
by the detector) is given by the expression 


E 


1 



(2.14) 


where T= Tzrsx ♦ difference in energies of the particles scattered from 

cos ( K-tt ) 

the surface and at depth t is then given by 

AE = K E n - E. (2.15) 

m 0 1 

Substituting Equations (2.13) and (2.14) in Equation (2.15) we get 



■ + 



dx 


(2.16) 
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If the energy loss ^dE/dxj is assuaed to be constant over each segaent of 
the path we can write Equation (2.16) as 

A E = [s]t (2.17) 

where [s] the energy loss factor or S-f actor, and is given by 

ih 




(2.18) 


J 0 “ - “a"<r 

here h stands for host target and a the incident projectile mass. It is to be 

noted froa the above equation that [S] depends on the stopping power of the 

target and the kineaatic factor of the incident projectile with respect to the 

o 

target. One can also write Equation (2.17) in teras of atoas/ca i.e., 

AE = (-Y-)[s](Nt) (2.19) 


AE = JVJ (Nt) 


( 2 . 20 ) 


where (Nt) is the depth in atoas/ca^ and N is the voluae density of target in 
atoas/cc, i.e., JVJ is the stopping cross-section factor in eV-ca^/atoa, i.e. 

h ■ m w 


or 


or 


iyi h . 

if, 

( r dE ] 

i| h , i f <«n| h 1 

LJB * 

"l 

( al dx J 

i| ...(B-eil ax J| E _ S E J 


m 0 


H. h ■ 


cos ( 71 - 6 ) 


( 2 . 21 ) 

(2.22a) 

(2.22b) 


'e=k b e 0 


where € is the stopping cross-section in eV-cn /atoa. , and is given by 

€ = (2,23) 
Seai-eapirical tables are available [Zeigler 1977] to calculate the values of € 
froa a polynoaial with given coefficients. 


2.1.4 Stopping in a nulti-eleaental target 

In a aulti-species target, the projectile will encounter various atonic 
species and lose energy. So the total energy loss in in the target aediua 
composed of various atonic species is the sua of losses in the constituent 
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elements, weighted proportionately to their abundance in the compound. This is 
known as the principle of additivity of stopping cross-section or Bragg's rule, 
as it was first postulated by Bragg and Kleeman [1005]. The stopping cross- 
section € of a molecule A x B is given according to the above rule as 


_AB _ [xe A + y€ B ] 
(oT+y) 


(2.24) 


where € A and are stopping cross-sections of the atomic constituents A and B. 


Similarly the specific energy loss of the target is given as 


[dE/dx]^ . [d] - [«] 


i A B 
x y 


(2,25) 


Hence from Equations (2.16), (2.17) and (2.19) the depth t can be determined if 
AE is measured. In the present study the targets which are amorphous metallic 
alloys are multi-elemental species, and the energy loss in these were calculated 
using the above procedure. 


2.1.5 Determination of film thickness 

The backscattering geometry and the spectrum for a film of thickness t of a 
heavy element of mass on a light substrate of mass is depicted in Figure 
2.2. The edge of the substrate is shifted towards the lower energy side than the 
true position. This is due to the loss of energy of the incident particle in the 
film. There are three methods to determine the film thickness: 

(i) The FWHM (AE^) of the film peak after subtracting the detector 
resolution quadrat i cal ly, gives the film thickness i.e., 


t 



(2.26) 


where jsjj is the energy loss factor for the film. 

(ii) The energy shift (AEg) the Position of the light substrate can also 
give the thickness of the film i.e., 


t 



2 

1 


(2.27) 
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Energy (MeV) 



Figure 2.2 rbs spectrum of 

thick film (of Au) on 
lighter substrate (Al). 


unuiiiict 

here |sj^ is determined by considering the film (1) as the stopping medium and 

the substrate (2) as the scattering centre. 

2 

(iii) The thickness Nt^(in atoms/cm ) of the film can be calculated from 
the area (or counts) under the impurity or film peak. If Q is the number of 
incident particles, o and o ^ are scattering cross-section for the impurity 
atom and the substrate atom respectively, Cl is the average solid angle subtended 
by the detector, the area under the film peak is then given by 

Aj = Q a Cl (Nt) x (2.28) 

and the substrate height is obtained from the following 

H 2 = (o o 2 Cl SE ) / [e] 2 (2.29) 

where 6E is the calibration and is the stopping cross-section factor. Using 

Equations 2.28 and 2.29, the film thickness Nt^is given as 

Nt l = ( A 1 0 2 5E )/(»2 ° lH 2 ) < 2 - 30 ' 


Considering the ratio of the scattering cross-sections as 

Vl * ( Z 2 /Z l) 2 <2 - 31) 

the above Equation 2.30 reduces to 

= K z 2 5e )/(«2 2 1 Hz ) ,2 - 32 *' 

2 

from which the thickness of the film in units of atoms/cm, can be calculated. 
Using the energy loss factor |sj ^ instead of the stopping power in the above 
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equation i.e., 

Nt x = ( Aj l\ 6e]/(h 2 Zj [s]j] (2/32b) 

we get the value of the fill thickness in X units. 


2.1.6 The depth profile 

As shown in Figure 2.2, the RBS spectra is obtained in the fora of channel 
number versus yield (or counts) in the MCA. The depth versus concentration 
profile for the fila in the substrate has to be obtained first, froa the RBS 
spectrum in order to determine the diffusivity of the film species in the 
substrate material. For the film, the depth and the concentration at the 
channel i, are respectively given by: 


and 


C. 

l 


d A = ( j-i)x6E/[s]^ 


"l.i Ml 

H 2 ", W» 


x 100 (in ata.X) 


(2.33) 

(2.34) 


where j is the channel number of the surface position or the film edge, H 1 . is 
the number of counts of the film in channel i, and Hg is the height of the sub- 
strate plateau. The [s] factors are determined from Equation 2.18. 


2.1.7 Energy straggling 

Due to statistical fluctuations in any process, the energy loss of two 
identical particles in the target is not sane, i.e., (dE/dx) is subject to fluc- 
tuations. This phenomenon is called energy straggling. Because of these fluctua- 
tions, the identical projectiles do not have the saae energy E on reaching the 
detector. Hence an uncertainty is produced in depth resolution and aass identi- 
fication. For these reasons it is iaportant to know about the energy straggling 
of the system. The initial determination of energy straggling was done by Bohr 

[1915] and it is referred to as the Bohr value of energy straggling (Q ) i.e. 

s 
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= 4 n (z e 2 ] 2 N Z t (2.35) 

where z and Z are the atoaic nuaber of projectile and target respectively, NZ is 

the nuaber of particles per unit area, and t is the thickness of target layer. 

For quick estimates of energy straggling it is found that is equal 

-12 2 

to 4% of Zg in units of 10 (eV-ca) . Bohr’s theory of energy Btraggling also 
predicts that the distribution of a beam traversed in a medium is Gaussian and 
is given by 

,(x) = (zn 0 y- 1/2 exp [-pi]] (2.36) 

Scattering spectra most often display the integral of the Gaussian distri- 

bution, i.e., the error function defined as 

erf(x) = it fi 2 } *^ 2 f exp — ^-}J (2.37) 

J-a V 2(r 

The full width at half maximum (FWHM) of a gaussian corresponds to the 12% 
to 88% range of the error function and the + fi points in the gaussian corres- 
ponds to 16% to 84% of the error function. This shows that FWHM is wider than fi 

i/2 

by a factor of 2(21n2), equal to 2.355. 

2.1.8 Energy and Depth resolution 

Any experimental system is subject to statistical fluctuation of some kind 

or other. The source of this cause can be characterized by a gaussian and a 

standard deviation value fi and is commonly referred to as the system resolution 

r 

of the setup. The two important contributions to fi r are the beam resolution fi^ 
and the detector resolution fi d and they add up in quadrature in the Gaussian 
system i.e. , 

(fi ) 2 = K 2 fi 2 + fi 2 (2.38) 

r b d 

The system resolution is based not only on the characteristic of the 
detector, but also that of the preamplifier, the amplifier and the multichannel 


analyzer. 
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The ability to detect the lowest value of energy of the scattered beam is 

teraed as the energy resolution (CM of the system. The energy resolution is 

normally determined by two major contributions, one stemming from the system 

resolution (ft ) and the other from the energy straggling (!) ). In the gaussian 
r s 

approximation they add up in quadrature i.e. 

(ft ) 2 = (ft ) 2 + (ft ) 2 (2.39) 

e s r 

The influence of the system resolution and energy straggling can be seen in 
Figure 2.3, for the high and low energy edges of the backscattering spectrum of 
a 1000 X film. 

Energy (MeV) 

, _ 0-82 0.84 0.88 0.88 O.flO 0.92 0.64 


FIGURE 2.3 Effect of energy 

resolution and straggling. 
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The high energy edge of the spectrum is broadened or smoothed out because of the 
system resolution as there is no energy straggling on the surface. The system 
resolution along with energy straggling broadens the low energy edge. For thick 
films, the width of the low energy edge of the signal is dominated by the energy 
straggling. 

The energy resolution of the backscattering system is independent of the 
detected energy and it can be measured from the slope of the high energy edge 
(Figure 2.3). The FWHM of the negative gaussian produced by differentiating the 
slope gives the energy resolution of the system. As mentioned in sec. 2. 1.7, it 
can also be obtained by measuring the energy spread of the slope from 12% to 88% 
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of the height of the substrate. With conventional surface barrier detectors an 
energy resolution of about 15 keV is obtained for 1 to 2 Mev He + beans. 

The ability to sense conposition changes with depth or variations in 
inpurity distributions with depth is referred to as the depth resolution (6x) 
and is an important factor in the application of backscattering spectronetry to 
the analysis of naterials. Just as the energy scale of the detected particles of 
the backscattering spectrum is translated into the depth scale through |VJ or 
[s] factors, so is the lowest resolvable energy fi translated into the smallest 
resolvable depth interval 6x. The depth resolution is hence defined as 

6x = VM (2.40) 

The energy resolution of the high energy edge (Figure 2.3) gives the depth 
resolution at the surface and the energy resolution of the low energy edge gives 
the depth resolution at the thickness t of the film i.e., at the interface. 

, , ; ~<A^?Ud 

2.2 Mossbauer Spectroscopy Mo. A. 1129JU 

The phenomenon of recoilless emission and resonant absorption of nuclear 
gamma rays is called Mossbauer effect. It was first observed by Rudolf 
Mossbauer during his PhD work and later reported [ffossbauer 1958], that certain 
nuclei bound in solids can emit or absorb gamma-ray photons to a large extent 
without ray loss of recoil energy or without doppler broadening. * 

The importance of the Mossbauer technique was considerably acknowledged 
soon after its discovery and its use steadily shifted from the arena of nuclear 
physics to various other fields like material science, solid state physics, 
solid state chemistry, metallurgy, etc. Many of the leaders of Mossbauer spec- 
troscopy who used to be concerned with nuclear problems like nuclear spin, 
parities, beta-decay, etc., are now concerned with solid state problems like 
measurement of electron density distribution, relaxation and diffusion times, 


magnetism, etc. 
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Since several excellent and authentic articles exist on MOssbauer effect 
and its application, we shall only briefly discuss the sane, giving an outline 
on the basic principle, methodology and its application in following sections. 


2.2.1 Recoil energy loss 

Consider a nucleus (n) at rest having mass M and energy Eq, i.e., it is at 
an energy level Eq with respect to a ground level. Generally on de-excitation it 
emits a photon (y) of energy E^ and the nucleus gets recoiled (by energy R) 
because of this decay (see Figures 2.4 (a) and (b)). 


Nuc 1 eus 



Source , Absorber 

w 

FIGURE 2.4 (a)Schematic and (b)energy level diagram of the 
Nossbauer process. 


From conservation of momentum of the decaying system we get: 


p n = " p y 


(2.41) 


where the magnitude of photon momentum is connected with photon energy (E^ ) as: 


P * = 


_5 

c 


(2.42) 


And from conservation of energy we get: 

E 0 = + R or E^ = Eq - R (2.43) 
Since the decaying nuclei are very heavy, using the non- relativistic approxi- 
mation, the recoil energy R is given as: 


R 


2 M 


(2.44) 
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As E will always be smaller than Eg , we can set equal to Eg. Hence from 
Equations 2.41 to 2.44, we get: 

E 2 E 2 

R = ^ = ^5 *2.45) 

2 M c 2 M c 

For a quick evaluation we can write in numerical form: 

. E 2 (in keV) 

R (in eV) = 5.37*10“* (2.46) 

where Z is the atomic number of the decaying nucleus. Similarly in a transition 
from a lower level A to a higher level B (Figure 2.4) by absorption of photon, 
the conservation of energy gives 

E v = E Q + R (2.47) 

i.e., the photon incident on the nucleus has to provide an extra amount of 
energy R, over the transition energy Eg, as recoil of the system takes place. 


2.2.2 Natural line-width and resonance 

It is however well known that the energy E of an excited state is not sharp 
(Figure 2.5), but has a Lorentzian shape spread over a certain energy range and 
described by 


1(E) = Cj * 




(2.48) 



FIGURE 2.5 Lorentzian shape of the energy E , with linewidth F. 
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where is a constant and T is the natural line-width of the state i.e., the 
full width of the energy distribution at half height and is related to the mean 
life time r of the state under consideration by the Heisenberg’s uncertainty 
principle viz. , 

T = (2.49) 


where tl = h/2rc, and h = Plank’s constant. Because of this spread or lineshape 

s 

of the excited state, the eoitted photon of energy and absorbing photon of 

8i S 

energy E^ will show a similar line shape (Figure 2.6(a)) centered around E^ and 

fl 

E^ respectively, such that 


I (E) 
s 


= C, 


r 

2n 


( 2 ) + ( E - E ?) 


(2.50a) 


I (E) 
a 


= C r 


2n 


(§M*- e ?) 


(2.50b) 



FIGURE 2.6 (a)Similar lineshape of the emitting and absorbing photon, 
(b)0n overlapping there is resonance and absorption 


where C, and C„ are constants. Only when the lineshapes of the source nuclei I 
X z ® 

overlaps with that of the absorbing nuclei I , we (Figure 2.6(b)) get resonance 
and excitation in the absorbing nuclei. Since in all cases of interest, the 
recoil energy R is much larger than the natural linewidth T, no overlap and 
hence no excitation can take place. 
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2.2.3 Doppler broadening and resonance 

Another natural property of the nuclei is that they are not at rest, but 
nove with large velocities of the order of few hundred m/s. Such a velocity (vq) 
leads to a Doppler broadening of the lineshape. Considering the velocity (v) 
along the direction of emission, the energy of the gamma ray emitted shifts by 
an amount AE given by 

AE = — E (2.51) 

c 

This velocity (v) will vary from +v^ to -v^ and hence the lineshape of the 
decaying nuclei will be broadened by an amount D where 

D = 2(v 0 /c)E (2.52) 

and a small overlap occurs causing resonance fluorescence. But this causes the 
line height to be drastically reduced which effects considerably the number of 
observed fluorescence photons. 

Both the above conditions i.e., decrease in recoil energy loss and Doppler 
broadening can be achieved by classically freezing the emitting and absorbing 
nuclei in the solid. Indeed, the Mftssbauer effect is just such a freezing 
process, discovered by Rudolf Mossbauer during his doctoral thesis research. The 
problem given to him originally was the study of nuclear resonance fluorescence 
at low temperatures. 

2.2.4 Einstein energy and resonance 

A simple calculation shows that the probability for emission of y-ray 
photons without recoil energy loss is given by 

f = exp £-3R/E E j (2.53a) 

where R is the recoil energy and E £ is the Einstein energy. It was later shown 
by Debye that it is slightly more complicated than above i.e. 

f = exp ^-3R/2k$ D ) 

where 0^ is the Debye temperature and k is Boltzmann’s constant. 


(2.53b) 
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of the decay scheme of Fe 

, 58 d 
and Fe. 



Figure 2.8 Companion of R 

, « 57^ t 58« 

and E e , in Fe and Fe. 


For the observation of M#ssbauer effect, f must be significantly large and this 

means that R << E £ . Now let us consider the two different isotopes of iron. 

57 58 57 

Assuming the decay scheme as shown in Figure 2.7 of Co and Co nuclei to Fe 

and ^®Fe nuclei respectively, we obtain for ^Fe, the decay energy (E q ) as 14.4 

keV, recoil energy (R) as 0.002 eV and Einstein energy (E £ ) as 0.04 eV. While 

for ^Fe these values are 800 KeV, 6.0 eV and 0.04 eV respectively. For ^Fe 

transition, the recoil energy (Figure 2.8) is much smaller than the Einstein 

58 

energy, whereas the opposite is true for Fe nuclei. The internal energy of the 

solid is also unchanged, hence Doppler broadening does not occur. Therfore the 

57 

14.4 keV y-ray photon is emitted from Co with the full energy E^. 


2.2.5 Observation of Mogsbauer effect 

57 

Consider a stationary source S of Fe emitting y-rays of varied energies 
(along with 14.4 keV y-rays). While passing through the absorber a fraction of 
it is absorbed while the rest is transmitted through and counted in the detector 
system. Most of the absorption takes place due to photoelectric and Compton — 
effect. A fraction f of the total, is incident on the absorber without recoil 
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energy loss and Doppler broadening. A fraction f } of these recoilless photons 
excite the ^Fe nuclei of the absorber producing resonant absorption and hence 
are removed from the beam before reaching the detector. This excess absorption 
was first noticed by Mossbauer and is more than that anticipated, by well 
established laws of photoelectric and Compton — effect. The nuclei of the 
absorber thus excited, decays by re-emitting conversion electrons or 14*4 keV 
7-rays, the fraction of which reaching the detector is negligible. 

The second effect first noticed by Mossbauer was that, if the stationary 
source described above is vibrated about its mean position, the * natural line- 
shape 9 of the absorbed y-r&ys in the absorber can be observed* In other words 
if the energy of the y-rays incident on the absorber is shifted about its mean 
value ( i . e. , 14.4 keV), there will be an energy shift in the absorption spectrum 
as observed in the transmitted lines. If the source is moved with a constant 
velocity (v), the emitted photons will have an energy E as given below, 

E = E Q (l + v/c] (2.54) 

Because of the ’freezing effect’, the emission and absorption lines 
completely overlap each other and absorption is maximum. If the source is moved, 
the energy of the incident y-rays is changed, the emission line is shifted, the 
overlap decreases and absorption is smaller. Hence the counting rate in the 
detector is increased. 

2.2.6 Hyperfine interactions 

. 57- 

Much of the. Mossbauer effect studies are performed using the Fe source 
and absorbers having iron as one of its components. Because of various nuclear 
interactions in and around the Mossbauer nuclei of the absorber, the absorption 
spectrum shows several absorption lines, i.e., a combination of singlets, 
doublets or sextets. These nuclear interactions are caused by the presence of 
nuclear moments of the Mossbauer nuclei f^Fe in this case) and the extranuclear 
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Lectromagnetic fields produced by electrons and ligands. Since the interaction 

—6 —9 

nergy is in the range of 10 to 10 eV , it is termed as 'hyperfine 1 . 

These hyperfine interactions (HI) can be described in terse of the 
amiltonian H of the nucleus: 

H = Hq + Eq + Mj + Eg + higher order terms (2.55) 

here Hq is the nuclear Hamiltonian and it excludes HI . The term Eq describes 
he electric monopole interaction between the nucleus and the surrounding elec- 
.rons, causing isomer shift (IS) in the MOssbauer spectrum. The term des- 
iribes the magnetic dipole interaction between the nuclear magnetic dipole 
ioment and the surrounding extranuclear magnetic fields giving rise to nuclear 
[eeman splitting. The term E g describes the electric quadrupole interaction 
between the nuclear electric quadrupole moment and the electric field gradient 
jf the surrounding electrons. So far, only the above three interactions are 
studied by MOssbauer spectroscopy (MS). The interactions of higher order (Mg, 
Eg, etc.,) are negligible because of their interaction energies being too small 
to be resolved by MOssbauer spectroscopy. The electric dipole (E^) interaction 
is ruled out by symmetry considerations. 

2.2.7 Electric monopole interaction: iBomer shift 

Electric monopole interactions occur between the nuclear charge and the 

atomic electrons around the nucleus, which gives rise to a measurable shift in 

the MOssbauer energy levels. This affects the position (or centroid) of the 

resonance lines on the energy or velocity scale (Figure 2.9). The difference 

observed in the energy levels of the source and the absorber is called isomer 

—9 

shift (IS) and is of the order of 10 eV. 

Hence to observe resonance in the absorber, the source is provided 
with a Doppler velocity (v) such that 



(2.56) 
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FIGURE 2.9 Effect of monopole interaction (a)on the energy levels of the source 
and absorber, and (b)the resulting Mossbauer spectrus showing isomer 
shift. 


The difference of the electric monopole interaction (EMI) energy of the source 
and the absorber is a measure of the isomer shift f Figure 2.9) and is given in 
units of mm/s by the following: 

IS = 5 = [*l ~ R g]{l^ 0) la " <2.57) 

where Z is the atomic number of Mossbauer nucleus, e is the electronic charge, 

R and R^ are the respective radii of the excited and the ground state of 
e g 

i 2 2 

Mossbauer nuclei. M a and M s are the respective density of s-electrons at the 

« 2 

nucleus in the absorber and source. It is assumed here that |vj is spherically 

57 

symmetric. As a usual practice, one uses a standard source material, e.g., Co 

in Rh matrix for Fe Mossbauer spectra (as in our case). 

Considering 5R = (R — R ), and (R + R ) = 2R, we get 

eg eg 

s * c i e2 (r) [!*«<- cj <*•“> 

where Cj , are constants. From above it is clear that IS depends on two ; 

factors, the nuclear factor 6R and the extranuclear factor |v(0)|*. For a given j 

57 

standard nucleus like Fe, <5R is a constant and IS depends solely on the ; 
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-electron density at the nucleus. Hence IS is dependant on the valence state 
ad coordination number of the Mbssbauer nucleus of the absorber as both of 
hese lead to different values of |v(0)| a . 


.2.8 Electric auadrupole interaction: auadrupole splitting 

In reality, the nuclear charge distribution is not uniform or spherically 

symmetric as assumed earlier. It also possesses electric multipole moments if 

;he spin of the nucleus I, is a multiple of 1/2. These multipole moments are 2^ 

t n number (where 1 is an even number), and because of these moments, there will 

ie an interaction with the extranuclear electric field. These extranuclear 

fields or charges produce an electric field gradient (EFG), the z-component of 

which (in the principal coordinate system) is expressed as: 

v = fl " Ofv ), + + fl - R]|v ] , (2.59) 

zz t \ zzllat t it zz/val 

where (1-? ) and (1-R) are known as Sternheimer shielding factors, fv 1 , . and 
n \ zz ) lat 

|v I , are contributions to EFG in the z-direction from external charges of 
\ zz.'val 

Mossbauer atom, and valence and partially filled inner electron shells of the 
Mbssbauer nucleus respectively. 

The electric auadrupole moment (EOM) plays a major role in Mbssbauer spec- 
troscopy and its interaction with EFG leads to auadrupole splitting (AE^) in the 
nuclear energy levels and observed in the Mbssbauer spectrum as transmission 
dips. The electric auadrupole moment is defined by the expression 


Q. . = fp (r) [x. x. - 5.. r | dT 

ij J r n ' [l j ij J 


and in the principal coordinate system it reduces to 

Q. . = — — fp (r) r^ f3cos^ 6 — ll dr 

U e J n \ J 


(2.60a) 


(2.60b) 


where P n ( r ) is the nuclear charge density at point r, are the cartesian 

coordinates of the position vector and 5. . is the Kronecker symbol. 

ij 

In a symmetric case the electric auadrupole interaction energy turns out to 
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e 2 = E a ' 4 wnr h 2 - 1 i 1 ♦ l )] ,2 - 61 > 

where I is the nuclear spin operator, eQ is the quadrupole Moment of the 
nucleus, Mj is the Magnetic spin quantum number and has values from +I..,0,..-I. 
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FIGURE 2.10 Effect of quadrupole interaction (a)on the nuclear energy levels of 
the source and absorber, and (b)the resulting Mossbauer spectrum 
showing quadrupole splitting. 


In case of *Fe the spins of the excited (i ) and the ground states (i ) 

3 1 1 

are of value ^ and ^ respectively (see Figure 2.10). For I equal to Eq is 

equal to 0 and hence there is no change or splitting in the ground state and it 

3 3 1 

resains degenerate. For I g equal to 7 ;; Bj has values * 2’ ± 2 * hence the 
excited levels splits into two levels (or a doublet) with energy shifts given by 


E 0 = i' 11 '.. ' f ° r 1 * | ’"i * * f 


(2.62a) 


E n = 7 e Q v , for I = x = ± 4 

W 4 ZZ L l L 


(2.62b) 


With Fe source, the Mossbauer spectrum shows two absorption lines at velo- 


cities Vj and Vg where 


zz c 
4 E, 


(2.63a) 


zz c 
4 E, 


(2.63b) 
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Phe electric auadrupole splitting energy £E for the absorber is then given as 

AE = -r eOv - ( - 7 eOv I = h eOv (2.64) 

4 zz t 4 zz.' 2 zz 

md its determination from the Mossbauer spectrum gives an insight to the 
/alence state, coordination number, etc. , of the absorbing nuclei. 


2.2.9 Magnetic dipole interaction: magnetic hyperfine splitting 

When the nuclear spin quantum number I >0. it possesses magnetic multipole 
moments 2^ in number, where 1 is an odd number. For 1 equal to 3, we get the 
magnetic dipole moment given as 

"n = ~N *N X N (2.65) 

where g VT is the nuclear Lande splitting and £„ is equal to eh/2m. As a result of 
~N N 

the interaction between this magnetic dipole moment and the extranuclear effec- 
tive magnetic field at the Mbssbauer nucleus, the nuclear levels further 

split up (called as magnetic hyperfine splitting) and the degeneracy of the 
levels is completely removed (see Figure 2.11). 
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FIGURE 2. 11 Effect of magnetic hyperfine interaction (a)on the energy levels 
57 

of Fe, and (b)the resulting peak position of the six-finger 
Mossbauer spectrum. 
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The effective nagnetic field at the Mossbauer nucleus is then given by 


+ H + H t + H , 
c L a 


( 2 . 66 ) 


where H . is the externally applied *agnetic field; H is the Fer*i contact 

6Xt> C 

field arising fro* s-electron spin density at the nucleus; is the contribu- 


tion fro* orbital *otion of valence and partially filled inner shell electrons; 


and ITj is the spin dipolar ter* arising fro* the spin of the electrons outside 
the Mossbauer ato*. 


The Haailtonian for the aagnetic dipole interaction caused by the *agnetic 
dipole *o*ent and the effective *agnetic field is given by 

"l = ‘Weft * -h 1 H ef f (2 - 67) 

and hence the energy eigen values of are given by 

E M = “ g N B N *1 H eff (2.68) 

Taking into account the different g^ values of the ground and the excited 

states, and considering the selection rule A*j = 0, ±1 it can be shown that the 

3 

nuclear states split up into 21+1 substates. The state I of value ^ splits up 
into four substates and the state I of value ^ splits up into two substates, 
producing a six line Mossbauer spectru® as shown in Figure 2.11. 

Although the linewidths of the six peaks are in general equal, their 
intensities are different and are given by: 

Ij = Ig * 3(1 + cos 2 0) 

1 2 = 1 5 S 4 sin2e 

1 3 = I 4 = 1 + cos 2 e (2.69) 

where 6 is the relative angle between the quantisation axis and the ganaa 

57 

propagation direction. In the case of Fe, the relative intensities of the six 
lines are in the ratio 


where 


Ijilgilg:: I 4 : I g : I 6 = 3:Z:1 :: 1:Z:3 
Z = 4(sin 2 0)/(l+cos 2 0). 


(2.70) 

(2.71) 


In order to observe Zee*an or aagnetic hyperfine splitting in the absorber, 
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r n 

the Co source has to emit a 7 -ray photon of energy [ Eq±T+ 6 ] and the source 
is provided with a Doppler velocity given by 


-V<vl =*--?■$■>] 


(2.72) 


57 

The value of the at the Fe nucleus of the absorber is given as: 

H <l/2) « [ .( | | -> if) - „( | i 1 -g ] (2.73a) 


e 

The value of it as deterained by other techniques is given as 0.0903±0.0007. 
g 

Using the values of Mg» Eg> c, etc., we get the value of H as 


or 


H = 0.843X10 5 [v(| | _ I 1) - | -i)] 

H = Q.843xl0 5 [l 5 - L 3 ]*5E oersted 


(2.74) 


where 5E is the calibration constant in aa/s. per channel and Lg and Lg are the 
positions of the third and fifth lines of the spectrua. By using this value of H 
one can find the value of fi - the magnetic aoaent of the excited state. 


2.2.10 Phase deteraination by Mbssbauer spectroscopy 

Though Mbssbauer spectroscopy cannot coapete with ordinary aethods of 
chemical analysis, with its high resolution of the electric and aagnetic hyper- 
fine interactions (isomer shift, aagnetic hyperfine splitting, and electric 
quadrupole splitting) , it provides valuable information regarding deteraination 
of various phases, precipitating in any system during various stages of 
annealing processes. 

The various phases formed in any system, gives its characteristic singlet, 
doublet or sextet spectra in the transmission Mbssbauer spectrua obtained for 
that system or sample. The actual spectrua of the sample is a resultant of 
several such sextets or doublets. Using a computer program, the characteristic 
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sextets or doublets of these phases can be simulated, its resultant can be 

compared with that of the experimentally obtained spectrum in an iterative 

2 

manner till a minimum x value is achieved, and its various Mossbauer parameters 
obtained numerically. By comparing these parameters with the standard data 
available in the literature, the exact phases precipitated can be determined. 



CHAPTER 3 


EXPERIMENT AND ANALYSIS 


{.1 Introduction 

For the investigation of diffusion or atomic migration in a material (in 
,he present case metallic glasses) the measurements of depth versus 
:oncentration profile of the diffusing species is required. For this purpose we 
lave utilized the technique of Rutherford backscattering spectroscopy (RBS), 
ising 1-2 MeV He + beams obtained from the 2-MeV Van-de-Graaff accelerator at 
:iT Kanpur. It was mentioned in Chapter 1, that the structural changes (phase 
irecipitation / crystallization) occurring during annealing of the metallic 
Jlasses are linked with the diffusion of the individual atomic species. For 
studying these structural changes we have employed the techniques of 
Transmission Mossbauer spectroscopy (TMS) and X-ray diffraction (XRD). The 
topographical changes occurring on the surface of the samples during annealing 
-rere studied by utilizing Scanning electron microscopy (SEM). This chapter gives 
the details of the sample preparation along with the description of the various 
experimental methods mentioned above. 

3.2 Preparation of diffusion couples for RBS 

The metallic glasses used in the present studies, namely Fe^B^gSig . 
FeygBisSig , and Fe^gNiggBjgMo^ . were obtained in the form of thin ribbons (of 
thickness 0.025 mm), from Goodfellow Metals, UK. Samples of dimensions 10X10 mm 
were cut from these ribbons or foils. One side of the ribbons were shiny while 
the other side was relatively dull. The shiny surface of the samples were 
polished by a fine emery paper of 0.25 grits and then thoroughly cleaned with 



67 



substrate holder 
vibrating boat 

boat 

glass dome 


, electrical 

, l- r connect ion 

to boat 


y . base-plate 

/ / 

rubber gasket 


_ J jo liquid nitrogen trap 

and diffusion pump 


» i 

Figure 3.1 Schematic diagram of the vacuum evaporator system. 


high purity ethyl alcohol and acetone. 

Diffusion couples (in the form of a thin layer of diffusing element 

deposited on the shining surface of the polished sample) were prepared by the 

process of thermal evaporation of high purity (99.99% pure) elements, namely Au, 

Ge, Pd and Ag, under clean and high vacuum conditions. A schematic diagram of 

the vacuum evaporating system (Model CVE-18, CVC) used in the present study is 

shown in Figure 3.1 and a photograph of the same is presented in Figure 3.2. An 

electrically heated tungsten boat was utilized for the evaporation of these 

elements. The polished and clean samples were placed on a stand above the boat 

at a distance of 10 cm (with the shiny surface of the metallic glass samples 

facing the boat). The bell.jar was then evacuated to a clean and high vacuum of 
“6 

5x10 Torr, using a diffusion pump equipped with a liquid nitrogen trap. 

The quantity m of element to be evaporated was predetermined, (considering 
a 2ft geometry) from the formula: 

m = 2ftptr 2 (3.1) 

where 2ft is the solid angle subtended by the element in the boat; p is the 
density of the evaporating element; t is the thickness of the film to be 
deposited; and r is the distance of the boat from the sample holder. Later, the 




«'• ' ' 
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f il* thicknesses were accurately measured by BBS. The thickness of the films for 
an element were primarily decided by the diffusion-couple geometry (thin layer, 
thick layer etc.). In this way diffusion couples of pre-determined thickness in 
the range of 50-300 8, were prepared. 

3.3 Annealing of the diffusion couples 

The samples to be annealed were kept in the quartz tube (i.d.=l") 
which was continuously evacuated by an oil diffusion pump equipped with a liquid 
nitrogen trap. A photograph of the annealing set-up is presented in Figure 3.3 
and the schematic diagram is depicted in Figure 3.4. The furnace used for 
annealing had a ceramic tube (i.d.=2"), wounded with nichrome wire and insulated 
with asbestos powder. A uniform temperature (maximum 1100°C) zone of 4" length 
could be obtained in the central portion of the ceramic tube. The furnace 
temperature was measured by a chromel-alumel thermocouple. The power to the 
furnace was given through a PID type temperature controller (Indotherm 400) 
which controlled the temperature of the furnace to ±2°C. 

The furnace was kept on a horizontal movable platform. After the furnace 
had reached the desired temperature, it was moved such that the quartz tube 
containing the samples entered in the central portion of the furnace. The 
temperature of the samples was measured with a chromel-alumel thermocouple 



FIGURE 3.4 Schematic diagram of the annealing set-up. 
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directly in contact with the samples in the quartz tube. After annealing was 
over for the pre-requsite time, the furnace was withdrawn, and the quartz tube 
was cooled by using an air blower. The variation of the sample temperature with 
time, was noted during heating and cooling of the sample. To achieve thermal 
equilibration, on an average, it took three minutes during heating and six to 
ten minutes while cooling the sample. 

Isothermal annealing of the samples as described above was carried out for 
several time intervals ranging from one hour to sixteen hours at different 
annealing temperatures (using separate samples for different temperatures) in 
the range 300°C to 475°C. The highest temperature employed in annealing (i.e., 
475°C) is much below the crystallization temperature of the metallic glasses 
used (i.e., 525°C for MG2605S-2 and 545°C for MG2605S-3). 

3.4 The Rutherford backscattering (RBS) setup 

The complete backscattering spectrometry set-up used in the present study 
consists of the following main stages : 

(i) production of ions and acceleration, using the 2-MeV Van-de-Graaff 
accelerator; 

(ii) mass and energy analysis of the accelerated ions using an electromagnet; 

(iii) focusing of the energy analyzed beam and separating the 0 ++ ions from 
the He + ions of the same energy; and 

(iv) experimental set-up for backscattering analysis. 

3.4.1 Van-De-Graaff accelerator 

The Van-de-Graaff accelerator is the most widely used and commonly avail- 
able electrostatic accelerator. A schematic diagram of the accelerator system is 
shown in Figure 3.5, and photographs of the sane are presented in Figures 3.6 
and 3.7. The accelerator (Model AN-2000), is manufactured by High Voltage 








an-de-Graaf f accelerator, (machine room) 


yzing magnet and beam line, (beam room) 
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Engineering Corporation, USA, and is a precision 2-MeV, high intensity source of 
positive ions. The accelerator produces a beam of ions which is intense, homo- 
geneous, stable and controllable over a wide range of energies. At present, it 
is provided with three gas bottles containing hydrogen, helium and krypton gas. 
An r.f. ion source is used to produce H + , He + , and Kr + ions. He + ions of 
energies 1 MeV and 1.4 MeV were utilized for the RBS studies. 

3.4.2 The analyzing magnet 

The mass and energy analysis of the accelerated ion-beam is done by an 
analyzing magnet. The analyzing magnet system consists of a 16 KGauss electro- 
magnet having aluminium tubular coils, which can carry DC current upto 250 
amperes. During operation the magnet is cooled to 15°C, by circulating de- 
mineralized water through the coils. The magnet power supply has a capability of 
supplying regulated (0-30V) current of up to 250 amperes. The stainless steel 
switching chamber has five ports at angles 0°, ±20° and ±45°. The energy and 
mass analyzed beam can be directed to the experimental chamber through anyone of 
the five ports. 

3.4.3 The beam line 

The accelerated ions ejected from the accelerator finally reach the experi- 
mental chamber through a clean and highly evacuated beam pipe or beam-line. The 
beam-line has a specially adapted liquid nitrogen trap fixed in between the 
accelerator and analyzing magnet to get clean vacuum in that region. The ion- 
beam after leaving the analyzing magnet, is focused and collimated by a pair of 
electromagnetic quadrupole lenses. This focused and collimated ion-beam then 
passes through an uniform electric field generated by parallel plates (electro- 
static beam separator) in order to separate out 0 ++ contamination from the He + 
beam [Kulkarni and Singru 1987] of the same energy. 
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The ion-beam collimating unit placed between the RBS chamber and the ion- 
beam separator has manually operated horizontal and vertical slits, which define 
the beam size, so that a beam spot of required dimension can be made incident on 
the target. Beam viewers and beam stoppers are placed strategically along the 
beam path to view the ion-beam when diagnosing certain problems and to block the 
ion-beam from entering the chamber as and when required. 

3.4.4 Rutherford backscattering (RBS) chamber \ 

The backscattering chamber used by us has six ports as shown in the Figures 
3.8 (schematic diagram) and 3.9 (photograph). The sample holder is fixed from 
the top in such a way that the ion-beam entering from one of the ports is 
incident perpendicularly on the sample surface. The sample holder is a plate of 
dimensions 130 * 25 * 2.5 mm. Five to six samples can be mounted on it at a 
time. It cam be moved in the vertical direction, such that the desired sample 
or sample region can be brought in front of the incident beam for analysis, with 
an accuracy of ±0.5 mm. In this way several measurements on different regions of 
the same sample and measurements on various samples are possible without opening 
the chaLmber or breaiking vacuum. 

An aluminium grid is placed around the holder (inside the chamber) arnd a 
negative voltage of -180 V is applied to it, to suppress the secondary electrons 
emitted from the samples due to the primary ion beam. Beam currents of 5-10 nA 
were utilized for the present analysis. Currents more than 10-nA increased the 
detector dead-time and pulse pile-up effect, and hence it was maintained at all 
times below 10 nA. The target or beam current was measured amd integrated to 
obtain the total fluence or charge (which relates to the number of incident He + 
ions incident on the target) using a current integrator (Ortec, Model-401). 
Backscattering spectra, in the present study, were obtained for a total charge 
collection of 2-10 /ic for each target (sauiple). 




Figure 3.9 The RBS chamber and other accessories 
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The CR-BC (differentiating-integrating) pulse shaping circuit of the 
amplifier operates with time constants such shorter than the decay of the 
preamplifier signal and much longer than its rise time. This effectively removes 
the slow component of the preamplifier signal preventing pile-up error. It also 
removes the low and high frequency signals and noise components which 
significantly enhance the signal-to-noise ratio. Hence the amplifier finally 
produces individual pulses whose amplitudes convey the quantity of interest, 
i.e., the energy of the detected particles. The signal output from the main 
amplifier is then fed to a biased amplifier [Ortec Model-444]. With the help of 
this, the amplifier signals are compressed or stretched and the edges cut-off as 
desired, for more efficient analysis in the multichannel analyzer (MCA). 

The signals from the biased amplifier are then collected, either in the MCA 
[Model-ND65, Nuclear Data Inc.], or a PC-based MCA. The MCA has two distinct 
data analysis modes: the pulse height analysis (PHA) mode and the multichannel 
scaling (MCS) mode. The PHA mode is exclusively used for BBS measurements. 

3.5 Backscattering spectra analysis 

A backscattering spectrum of Pd film evaporated on metallic glass 
Fe 78 B 13^9 * s s ^ OKn Fi? ure 3.10. This spectrum was obtained using He + ions of 
1.4 MeV at a scattering angle (0) of 150° the detector solid angle (Q) equal to 
2 milli-steridian and for a beam dose of 5l*c. This BBS parameter description is 
also given below the figure. It is useful to plot the backscattering yield by 
normalizing it with respect to some of the above mentioned parameters, by using 
the following equation: 

Normalized yield = q x"^ x (3.2) 

where raw counts are the actual counts recorded; corr is the correction factor 
to compensate for inaccuracies during charge integration; Q is the beam dose in 
He; dSl is the solid angle in milli-steridian; and SE is the calibration factor 
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FIGURE 3.10 KBS spectrum Of Pd on * e 78 B i3 S V 


Experimental parameters 

Identifier: Fe78B13Si9(MG255)/Pd as-evaporated. 

Beam: (type)4He+ (energy) 1.400 MeV (dose) 5. 00 ^Coul S( current) 8.0 nA 

Geometry: IBM Theta: 0.0 Phi: 30.0 Psi: 0.0 

MCA: (calibration factor)2.335 keV/ch. (zero channel energy)175.00 

First ch.no: 1 NPT(total no. of channels): 512 

Detector: FWHM( resolution) : 14.0 keV 0mega( solid angle): 2.000 
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Simulation layer structure 
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1 175.00 A 20.00 A Pd 1.000 

2 6850.00 A auto Fe 0.780 B 0.130 Si 0.090 
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of the MCA in keV/channel. The normalized yields are utilized as they are 
directly comparably between experimental spectra for which beam energy and scat- 
tering geometry are same but the dose solid angle and calibration values are 
different. 

The information about the thickness of the film and the depth distribution 
of the diffusing element (in the case where diffusion has taken place) can be 
obtained from Buch a spectrum. The backscattering spectra in the present study 
have been analyzed as illustrated in the following sections. 

3.5.1 Calibration of the MCA 

The MCA is first calibrated by determining the calibration factor (6 e) of 
the MCA. For this reason, backscattering spectra of pure elements (or calibra- 
tion samples) were taken in every run. In each run three to four metallic glass 
samples were analyzed along with the calibration samples. A set of calibration 
spectra obtained from the same run as that of the spectrum shown in Figure 3.10, 
are depicted in Figure 3.11 (a) to (c), for thin film of pure Au on pure A1 
substrate, pure Fe, and pure Zn, respectively. In these spectra, the position of 
the Au is peak at ch.no. (channel number) 490, that of the Fe edge is at ch. no. 
393, and that of Zn edge at ch.no. 411. The backscattered energy E, for each 
of these elements (e) is calculated from the following equation: 

E 1 = K *e. keV (3.3) 
l,e e 0 

where K is the kinematic factor of the element e and E n is the incident energy 
e u 

of the He + beam (in this case 1.4 MeV). The slope of the straight line drawn 
between the data points in the graph of ch.no. versus E® for the three elements 
mentioned above gives 6E, and in this case is equal to 2.335 keV/ch. . The cali- 
bration factor cam also be calculated from the following equation; 

6E = (K^- I^Eg/fch^ - chg) keV/ch. 
considering two calibration samples (e^ and e^) at a time. 


(3.4) 



Channel 


Figure 3. 


BBS spectra of calibration saaples: (a) thin fils of Au 
on A1 substrate, (b) Pure Fe, and (c) Pure Zn. 
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3.5.2 Analysis by hand calculation using the basic formulae 

For the thickness calculation, the forsula (Equation 2.32b) obtained 
earlier in section 2.1.5, can be used i.e. , 

Nt = (A 1 z|«E)/(H2Z?[s] 2 2 ) 

where the various parameters have already been discussed in Chapter 2. For the 
spectrum reported in Figure 3.10, the values of the various parameters mentioned 
in the equation above, are: 

A l= A pd = 44409 counts; Z 1 = Z pd = 46; Z £ = Z pe = 26; H £ = H pe = 17B5; 5E = 2.335 
keV/ch. ; [s] 2 , 2 = H 2 , 2 N i ; N l = N Pc f 6 - 76e+22 atoms/cm 3 ; and [ e ] 2}2 =[ e ] Fe}Fe = 161 
eV-cm 3 /10 13 atoms. 

Using these values the calculated thickness of Pd film evaporated on the 
metallic glass Fe^gB^Sig i s 171 X. The thickness of the Pd film obtained from 
simulation is 175 8 (as depicted in Figure 3.10), indicating an error of only 
2.5% in the above calculation. 

Likewise Equations 2.33 and 2.34 can be used to obtain the depth versus 
concentration profile of the Pd film, starting from the surface position (depth 
equal to 0) of the film or impurity. 

3.5.3 Analysis by simulation 

Recently, RBS simulation programs using computers have been developed at 
several places. One such simulation program developed at the Cornell University 
by Doolittle [1985 and 1986], has been used in the present studies for the 
analysis of the backscattering spectra. The simulation program makes use of 
almost the same equations which have been described in Chapter 2 and 
illustrated above to describe the hand-calculation method. 

In simulation, a theoretical sample structure consisting of several 
layers of varying thickness is first prepared. The experimental parameters are 
also fed into the program. A back- scattering spectrum is then constructed using 
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this sample structure and the experimental parameters. This theoretical profile 
is then compared with the experimentally obtained BBS spectrum. This procedure 
is utilized in an iterative manner to arrive at a best set of parameters in the 
sample structure using which the given sample spectrum compares quite well with 
the experimental spectrum. 

We will now illustrate the analysis of the RBS spectrum of Figure 3.10, by 
the simulation program. The theoretical layer structure of the sample is given 
below the figure. The first layer comprising of Pd is of thickness 175 X and is 
further divided into sublayers of 20 8 each. The second layer is the 
substrate (metal lie glass Fe^B^Sig) of thickness 6850 X, which is further 
divided into sublayers of 500 X each. The program requires these information 
along with the experimental parameters (as defined below Figure 3.10). The 
simulated profile is then compared (as shown in Figure 3.10), with the 
experimental profile. One of the important features of this simulation is that 
it is an extremely powerful tool for understanding complex spectra involving 
overlap of numerous elements. It also takes into account the detector 
resolution as well as energy straggling of the ions. Thus the thick target yield 
for metallic glasses has been simulated very correctly giving the analysis of 
the substrate as well. Such analysis of the multi-elemental target as mentioned 
above is not possible by hand calculations. 

3.5.4 Calculation of diffusion coefficient by simulation 

We illustrate in this section the calculation of diffusion coefficients 
from the RBS spectrum by the simulation procedure. The RBS spectrum taken after 
annealing the as-evaporated sample Fe^gB^Sig/Pd (reported earlier in Figure 
3.10), at 400 °C for 8 hr is shown in Figure 3.12. The description of the 
experimental parameters used is given below the figure. 

The diffusion of Pd in the metallic glass substrate is indicated by: 
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Figure 3.12 BBS spectrun of Pd on Fe 7g B 13 Si 9 , 

after annealing at 400°C for 8 hr. 

Experimental parameters 

Identifier: Fe78B13Si9(MG255)/Pd (400°C, 8-hr). 

Beam: (type)4He+ (energy) 1.400 MeV (dose) 5. 00 liCoul @(current)8.0 nA 

Geometry: IBM Theta: 0.0 Phi: 30.0 Psi: 0.0 

MCA: (calibration factor)2.363 keV/ch. (zero channel energy)147.00 

First ch.no: 1 NPT( total no. of channels): 512 

Detector: FWHM( resolution ) : 14.0 keV Omega(solid angle): 2.000 
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(i) appearance of Pd signals at lower energy region; (ii) decrease in the height 
of the Pd peak; and (Hi) appearance of Fe counts at higher energies approaching 
the Fe edge. Now for the simulation of the diffused profile, along with the 
layer structure, the proper diffusion equation (thick-film, thin-film, etc.,) 
which define the concentration iof the diffusing element is also given. The 
various diffusion equations haves already been discussed in Chapter 1. For the 
present case, the diffusion equation defining the diffusion of a species into a 
thick layer from a source, which holds the surface at a fixed concentration, has 
been used and is defined below; 

f(x) = p( 1 )*erf c(x//4Dt ) (3.5) 
where p ( 1 ) is the initial concentration of the diffusing species (in this case 
Pd) at the surface of the layer-; D is the diffusion coefficient and t is the 
time for which annealing was done. 

This equation is utilized in the simulation to calculate the concentrat ion 
of diffusing species in each sublayer starting from the surface of the layer for 
which the equation is defined. The simulation layer structure and the diffusion 
equation are also illustrated below Figure 3.12. The results of the simulation, 
i.e., the simulated spectrum is shown in the figure by solid line. The visible 
comparison clearly indicates that the layer structure and the diffusion equation 
with the given D value, are the best set of parameters. In this way the D values 
have been obtained for the other spectra. Subsequently, all diffusion analyses 
in the present study were done by RBS simulation as described above. 

3.6 Errors in D- values 

In general the error in the determination of D-values arises due to error 
in the measurements of (i) annealing time (t); ( i i )anneal ing temperature (T); 
and (iii) depth resolution (5x). 

During annealing the ris.e and fall of the sample temperature with annealing 

f ^ T-f r> 1 ots * we concluded that 
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not more than 2 % error occurred in the time measurements. This 2% error in the 
annealing time hardly Bade any observable change in the D-values during RBS 
simulations . 

The measurement of annealing temperature T is an important factor in the 
accurate determination of D. Scatter in D is most often due to uncertainty in T 
[Mallard et al. 1963, Rothman et al. 1980 ] . Since D is dependant on temperature 
by the Arrhenius behaviour (Equation 1.15), an indirect estimate of error in D 
due to annealing temperature can be obtained. An error AT in T causes a 
fractional error AD in D, such that 



-5 

For Q=1 eV, k=8. 614*10 eV/K, and T=700 K, an error of 0.3% in T causes approx- 
imately, 5% error in D, and in our case the error in the measurement of the 
sample temperature never exceeded 0.3%. 

In the present study the D-values were determined (in most of the cases) by 
simulation using Equation 3.5. In this equation the parameter x is the absolute 
distance from the surface of the diffusion couple considered, for diffusion to 
have occurred. Significant errors are unavoidably introduced in calibration of 
the x-axis of the RBS spectrum i.e., the channel number in terms of the absolute 
distance. These errors are quite high if the depth resolution is bad i.e., these 
are dependant on the depth resolution 6x. The depth resolution is the ratio of 
the energy resolution and the energy-loss factor [S] , which itself is dependant 
on the stopping cross-section €. 

In the simulation program, € is calculated for each element using a least 
squares fit of the Ziegler's data [Ziegler 1977], The stopping cross-sections of 
He + in the metallic glasses, is determined using the linear additivity of 
stopping cross-sections for a non-elemental material i.e., the Bragg's rule. 
Experimental values of stopping cross-sections are known to differ from predic- 
tions of this rule in various compound targets by upto 20% [ Thvaites 1983], Host 
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of the inaccuracy observed in the simulation program [Doolittle 1985], is due to 
the uncertainty of the stopping cross-sections. This is a long standing problem 
in BBS analysis and has yet to be solved completely. The energy resolution ($E) 
is in a broad sense the sum of the energy straggling of the He + ions in the 
diffusion couple, and the system resolution. These are further dependant on the 
detector resolution and the calibration factor of the MCA. BBS spectra were 
obtained for the calibration samples in each run of the data collection (compri- 
sing of three to four diffusion couple samples) and the calibration factor was 
determined. Also the Al edge of the Al/Au diffusion couple, used for calibration 
(see Figure 3.11(a)), gave an indication of the quality of the detector resolu- 
tion in each run. In the present study, the energy resolution and straggling 
were quite small and therefore the depth resolution was also very good as is 
observed in the backscattering spectra given in Figure 3.11(a). Hence we assume 
that the error due to depth resolution is not more than 20% in the present 
study. 

Some error also arises in fitting of the experimental spectra to the 
simulated ones obtained from the solution of the diffusion equation. But since 
the fittings (see Figure 3.10, 3.12 and Chap. 5) in our case was extremely good, 
this sort of error cannot be more than 5%. 

Taking into account all the above mentioned facts we assume that the 
maximum error in the determination of the D-values by BBS is not more than 30%. 


3.7 Preparation of Mossbauer absorbers 

The metallic glasses studied by Mossbauer spectroscopy are Fe^B^gSi,. and 
Fe 78 B 13 S V Sa, P^ es these metallic glasses, of size of 8 * 10 mm were placed 
in copper holders for easy handling and were used as Mossbauer absorbers. These 
absorbers were then annealed at various temperatures and timings as was done 
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for the BBS samples. Mossbauer spectra of these absorbers were taken before 
annealing and after each heat treatment. Before every run, the spectrum of a-Fe 
foil fused as an absorber) was taken in order to calibrate the multichannel 
analyzer (MCA) as explained later. 


3.8 The Mossbauer setup 



Data Storage Systera 


FIGURE 3.13 Schematic block diagram of the Mossbauer spectrometer 

The Mossbauer spectrometer used in the present work is shown schematically 
in Figure 3.13. It can be broadly divided into four stages — (i) the radioactive 
source; (ii) the Mossbauer drive unit; (iii) the detection system; and (iv) the 
multichannel analyzer and spectrum storage. These are briefly described below. 


3.8.1 The radioactive source 

57 

The Mossbauer source used in the present study is radioactive Co, whose 
atoms are embedded or diffused in a Rh matrix, and it can emit gamma rays or 
photons of the appropriate energy (i.e., 14.4 keV) to observe Mossbauer effect 
in various samples containing Fe as one of its constituents. The source in this 
form had an initial activity of 25.5 mCi and had a recoil free fraction equal to 
0.76. It was supplied by New England Nuclear Inc., USA. 
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3.8.2 Mossbauer drive 

The Mossbauer drive system is a combination of units which provides measur- 
able relative velocities between the source and the absorber, usually with a 
constant acceleration. 

The Mossbauer drive system used by is based on the assembly supplied by 
WISSEL (Wissenschaftliche Electronik GmbH), W. Germany. It consists of a velocity 
transducer, a function generator and a constant acceleration drive unit or power 
amplifier. 


1- Pickup coil. 

2- Permanent magnet. 

3- Drive coil. 

4- Guide spring. 

5- Electrical feed-through. 

6- Connecting tubes. 

7- Magnet yokes. 

8- Coil shell. 

9- Flange for mounting source. 
FIGURE 3.14 schematic diagram of the velocity transducer. 


The velocity transducer [model Wissel MA-260] (Figure 3.14), is based on 
the principle of two mechanically coupled transducers or loud speakers [Shenoy 
and Wagner 1978]. It consists of a pair of rigidly connected coils called the 
driving and pickup coils wound on the sample holder. The permanent magnet pro- 
duces a homogeneous magnetic field in the air gap of the coil system, constant 

4 

within a few parts in 10, along the axis of motion. This magnetic induction is 
approximately 0.25 Tesla. 

The function generator [model Wissel DFG-1200] produces a triangular refer- 
ence signal, which is fed to the power amplifier [model Wissel MR-360]. The 
output of the power amplifier which is proportional to the ideal velocity of the 
transducer is fed to the driving coil of the transducer. The actual velocity is 
sensed by the pickup coil in the form of a pick-up signal. The difference bet- 
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ween the reference signal and the pick-up signal is known as the difference or 
error signal. The error signal is proportional to the deviation of the actual 
velocity from its stipulated value. This error signal is then amplified and fed 
back to the driving coil through a feedback loop-amplifier to minimise the 
deviation from the ideal velocity. 

The absorption and transmission of gamma rays through the absorber is 

measured in terms of the relative velocity between the source and absorber. 

Ranging between -v to +v , the source is swept in both directions by the 
s s max max 

velocity transducer which in turn receives a symmetric saw-tooth voltage wave- 
form (reference signal) from the function generator. 

3.8.3 The Detection System 

The gamma rays transmitted through the absorber are detected and accumu- 
lated using the gamma- ray spectrometer and the MCA. The gas-filled proportional 
counter [Model 1-1331, ECIL] used for detecting the 14.4 kev gamma rays, 
contains krypton as ionizing gas and has a berilyum window. A high voltage 
power supply [Model 456,EG&G] capable of supplying upto 3000V at 10 mA current 
is used to operate the proportional counter. The counter converts a gamma ray 
of certain energy to a linear charge pulse of a certain amplitude. 

The preamplifier [Model 2006 , Canberra] receives such a linear charge pulse 
and produces a gaussian voltage pulse equivalent to its amplitude. These pulses 
are amplified by a linear spectroscopy amplifier [Model 2021, Canberra] having 
an output pulse range of 0 to 10 volts. These analog pulses from the amplifier 
are then fed into the MCA which stores it in the form of a spectrum. 

3.8.4 The multichannel analyzer: Data storage in the MCS mode 

The multichannel analyzer (Model ND-65), initially used by us is manufac- 
tured by Nuclear Data Inc. , USA. Later we made use of an ORTEC MCA card attached 



to our PC. 


A MCA software program supplied by the same company was used in 
conjunction with the MCA card to record the Mossbauer spectrum. 

Before recording the spectrum in the MCA it is necessary to ensure that 
the appropriate Mossbauer gamma ray (i.e., of energy 14.4 kev) is selected 
using the energy window of the MCA in the pulse height analysis (PHA) mode. 


Figure 3.15 PHA spectrum of the 

radioactive source. 


The MCA was used in this mode to obtain a pulse height spectrum of the 
radioactive decay of ^*Co in Rh (Figure 3.15). The intensity of the low energy 
x-rays were reduced by using an aluminium foil between the source and the 
absorber. The upper level (ULD) and lower level (LLD) discriminators were 
adjusted such that gamma rays of energy 14.4 kev could only be stored in the 
MCA, hence increasing the signal-to-noise ratio. 

The transmitted Mossbauer spectrum is finally stored in the 512 channels of 
the MCA in the MCS (multichannel scaling) mode. Synchronization of the channel 
number of the MCA with the increment in the relative velocity (Av) of the source 
was achieved by advancing the address of the MCA memory in steps, through an 
external clock. The reference signal mentioned above is divided into 512 pulses 
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by the external clock, where the first pulse coincides with the beginning of the 
reference signal. Each time the MCA receives such a pulse, the address of the 
memory is advanced to record the signal in the next channel, i.e., starting fro* 
channel one. The reference signal (saw-tooth shaped) fed to the transducer is of 
a symmetric nature, hence two identical Mossbauer spectra are recorded in the 
(as selected) 512 channels of the MCA. 

3.9 Effect of geometry 

As mentioned earlier, the shape and the width of the Mossbauer spectrum gets 
affected by the position and design of the source, absorber and the detector. 
The two important geometrical effects influencing the Mossbauer spectrum are: 
(i)the source-to-detector distance variation effect; and (ii)the cosine effect. 


3.9.1 Distance variation effect 

The counting rate of the detector or the number of gamma rays received per 
second, by the detector is directly proportional to the solid angle subtended 
by the source at the detector window; which in turn is proportional to the 
distance between the source and the detector. In our setup, as is usually done, 
the source moves about its mean position in accordance with the saw-tooth wave- 
form signal given to the Mossbauer drive unit. Because of this periodic move- 
ment, the source to absorber distance, as well as the counting rate changes 
continuously and periodically* As result of this, the baseline of the Mossbauer 
spectrum shows a non-flat behaviour. 

This type of geometrical effect can be eliminated by folding the two 
Mossbauer spectra observed in the MCA, as was done in our case. It can also be 
removed by keeping the source stationary while the absorber is vibrated. This 
effect is reduced to a large extent by keeping the frequency of the transducer 
to a minimum value ranging from 20 to 30 Hz. 



3.9.2 Cosine effect 


The finite size of the source, absorber, and the detector window gives rise 
to this effect. Because of the finite size of the detector window, the gamma 
rays enter it at an angle 0, too. These rays will have a Doppler energy shift AE 
equal to E Q (v/c)cos 0, and not E o (v/c). This results in the broadening of the 
MOssbauer spectral lines and a shift in the peak position. This effect was 
minimized in our experiments by: (i) collimating the gamma rays from the source 
along the direction of motion; and (ii) by optimizing the distance between the 
source and detector. If the source-detector distance is small, 8 increases and 
hence the lines are broadened. On the other hand, at large distances the cosine 
effect decreases but the count rate also decreases, hence a longer time is then 
required for recording the spectrum. 

The velocity transducer, the source, the absorber, and the proportional 
counter coupled with the preamplifier are mounted and aligned on a vibration 
free optical bench. The selection of these units and their arrangement was such 
that the geometrical effects mentioned above are minimized. The position of 
these units, the distance between them, and the effective size of the source, 
absorber and detector window, influences the shape and intensity of the 
MOssbauer spectrum quite significantly. 

3.10 Calibration of the MCA 
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In our experiments we used natural iron (ot-Fe enriched in Fe) and sodium 
nitroprusside (SNP) as standard absorbers to calibrate the MOssbauer spectro- 
meter and MCA. These standard absorbers were obtained from Amersham 
International Ltd. , Amersham, U.K. The MOssbauer spectra of the standard 
absorbers, a-Fe (Figure 3.16) and SNP were obtained before every run and the 
positions of the various peaks in terms of the channel number were determined. 
The peak position of these absorbers in terms of velocity of the source (i.e., 



FIGURE 3.16 Mossbauer spectra of 

oc-Fe used for calibrating 
the MCA. 


0 AO 60 120 >60 220 -240 260 

Chorvxl no. 

in mm/s) are known quantities from literature and given below: 
(a) a-Fe (natural Iron): a sextet — 



-5.328 -3.083 -0.838 +0.838 +3.083 +5.328 mm/s 

(b) SNP (sodium-nitro-pru8side): a doublet — 



-1.111 +0.592 mm/s (with respect to a-Fe position) 

The various calibration parameters obtained in the present study from the 
computer analysis of the Mossbauer spectrum of a-Fe foil used as a standard 
absorber are: 

(1) Centroid position: 127.80 ±0.05 channels. 

(2) FWHM of the inner lines: 0.28 ± 0.01 mm/s. 

(3) Velocity/channel: 0.097 mm/s. 

These calibration parameters were used by us for analyses of the Mossbauer 
spectra of the metallic glass samples. 

3.11 Analysis of mossbauer spectra by simulation 

Several computer programs are available for the analyses of the Mossbauer 
spectra in order to obtain precisely the various Mossbauer parameters, peak 
positions, line-widths, etc,. The computer program used by us is based on the 
method developed by Law and Bailey [1963], This program assumes the lines of 




the transmission spectrum to be Lorentzian by considering the source and absor 
ber to have a low effective layer thickness [ Margulies and Ehraan 1961 ) • The 
main purpose of this simulation program is to find those values of the adjust- 
able parameters (guess values), which provide a close agreement between the 
simulated and the experimental spectrum, using the given experimental 
parameters . 

Using experimental data points , an assumed function is obtained from 

the initially guessed parameters B^.«.*B k i.e. 

Y < B. B, ) (3.7) 

1 1 1 1 & 

The sum of the squares of the difference between each of the observed and 
assumed data points is then determined i.e., 



Here n is the number of experimental data points. Considering the condition of 

the minimum value of the above function i.e., 

dS 2 /dB k =0 (3.9) 

we get n simultaneous equations, which are solved to get the corrections AB^ in 
the approximate value B^. Consequently the new parameters B^ (-B^ + ^B k ) are 
then selected for the (i+l) th iteration. The condition of minimum value 
(Equation 3.9) is determined after each iteration and this process is continued 
till a minimum specified value is achieved. The simulated curve thus obtained 
is then compared with the experimental spectrum and the goodness of the fit is 
tested by calculating the x^values. In our analysis, the X values ranged from 
0.9 to 5, indicating that the theoretical fittings were quite good. Hence the 
various parameters obtained from the simulation are truly those of the sample 
under study. The standard error in the fitted parameters B^, were obtained from 
the calculations of the error matrix, using the inversion matrix method. The 
approximate errors obtained for the internal magnetic field (H^j.) was *5 kOe 
and that for the isomer shift (IS) and line-width (T) it was ±0.1 mm/s. 
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3.12 X-RAY MEASUREMENTS 

The transformation from the amorphous to the crystalline state with heat- 
treatment in the metallic glasses Fe^gBjgSig and ^e^gB^gSig were also investi- 
gated by the X-ray diffraction (XRD) method to supplement the findings and 
analysis of Mossbauer spectroscopy. 

The XRD measurements were done using a X-ray powder diffractometer [Model 
ISO-Debyeflex-lOOl ] , generating Cr-Kot radiation along with a graphite monochrom- 
ator attached to the goniometer. A diffractometer in general consists of the 
following main units: (i) power supply; fii) X-ray generator; (iii) goniometer, 
with monochromator, scintilation counter or proportional counter and preampli- 
fier; (iv) amplifier unit; (v) ratemeter, and (vi) x-y chart recorder. 

The spectral lines obtained in the X-ray spectra of the samples in units of 
20 is converted into d-values using the Bragg’s rule i.e., 

2dsin0 = X or d = X/(2sin@) (3.10) 


On comparing these values with standard tables of d-values of various alloys and 
phases available in literature, the presence of the suggested or probable phases 
are confirmed in the samples. 



CHAPTER 4 


MOSSBAUER SPECTROSCOPY AND X RAY DIFFRACTION STUDIES 
4.1 Introduction 

We shall now describe the results of Mbssbauer spectroscopic (TMS) and 

X-ray diffraction (XRD) studies of the amorphous metallic glasses Fe„ n B,„Si.. and 

79 16 5 

^ e 78^13^9‘ * s we ^ known that diffusion measurements require very long 

time-periods of heat-treatment below the crystallization temperature (T x ). Upon 
annealing, the metallic glass undergoes relaxation, condensation, and finally 
crystallization. In order to study the diffusivity of the metallic glasses in 
the amorphous state, it is es ential to determine the range of annealing period 
and temperature in which the amorphous structure is maintained. The necessity 
for TMS and XRD studies, therefore arose, in the present case. For this reason, 
the samples of these glasses were heat-treated at various temperatures ranging 
from above their T , to well below it, to identify the range of temperatures and 
annealing time-periods which retain the amorphous structure of these glasses. 

These studies were also carried out to complement the information obtained 
by the RBS/diffusion studies of these samples. That is, the precipitation and 
identification of crystalline phases in these metallic glasses (after succesive 
heat-treatment ) have been studied. Generally the Mbssbauer studies are performed 
on crystallized metallic glasses for investigating the kinetics of crystalliza- 
tion. However, room temperature (RT=295 K) Mbssbauer measurements of metallic 
glasses annealed for a long time below the crystallization temperature are not 
eported in the literature for this or any other type of metallic glasses. 
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4.2 X-RAY ANALYSIS OF FfiygBjgSlg AND FEfgB^gSlg 


The X-ray diffraction patterns of the netallic glasses Fe^gB^gSig and 
Fe 78 B 13 Si g samples (in the as-received form and after giving different heat 
treatment) are shown in Figures 4.1 and 4.2 respectively. The as-received 
samples, show a broad but shallow maxima, characteristic of amorphous alloys. 
Such spectra are seen in both the glasses upto an annealing temperature of 
400°C, for an annealing time-period of 16 hr. At higher temperatures, high 
intensity peaks of various phases are observed indicating the increasing 
concentration of these phases in the amorphous matrix. 

In the Fe^gBjgSig alloy, the first indication of precipitation of crystal- 
line a-Fe phase is seen after annealing for 4 hr at 450°C. The spectrum after 
annealing at 475°C for 8 hr shows well-defined peaks. The results of the 
analysis for this spectrum is given in Table 4.1. These results confirm the 
presence of FegB, a-Fe, and FegB phases (with the amount of Fe^B being 
relatively small). 

As seen in Figure 4.2, the Fe^gB^Sig alloy remains amorphous with heating 
upto 450°C for 16 hr. Small peaks of o.-Fe appeared at 475°C (1 hr). After 16 
hr, at the same temperature, the well- established Bragg’s peaks of a-Fe (maybe 
similar to the solid solution ot-(Fe-Si) peaks as reported in literature), Fe^B 
and FegB phase were observed. The results are also shown in Table 4.1. 

However the X-ray diffraction spectra do not appear to be sensitive to the 
presence of the Fe-Si phase, nor do they indicate the presence of ct-Fe, FegB, 
and Fe„B for samples heat-treated at 450°C (for time periods less than 16 hr) 

u 

as sensitively as Mossbauer spectroscopy. This difference is ascribed to the 
different sensitivities of the two techniques with Mossbauer spectroscopy being 
a better microscopic probe. 

These observations are quite consistent with those of R&manan and Fish 
11982 1, Quivy et al . f 1985] * and Bang and Lee f 19911. Quivy et al. have observed 
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TABLE 4.1 

X-RAY ANALYSIS OP SAMPLES HEAT-TREATED AT 475°C FOR 16 HR 
Fe 79 B 16 3i 5 | Fe 78 B 13 Si 9 


2© 

B calc 

■ - — 

std 

PHASE 

{ 

2* 

B calc 

D std 

PHASE 

65.5 

2.107 

2.124 

t-Fe 2 B 

1 

\ 

65.4 

2.110 

2.124 

t-Fe 2 B 

66.5 

2.079 

2.088 

t-Fe^B 

\ 

66.5 

2.079 

2.088 

t-Fe 3 B 



2.027 

o.-Fe 

j 

3 



2.027 

Ct-Fe 

69.0 

2.013 < 

2.028 

t-Fe„B 

j 

69.2 

2.008 - 

2.028 

t-Fe„B 



[ 

3 





3 



[ 2.011 

t-Fe 2 B 

i 



2.011 

• 

t-Fe 2 B 

75.2 

1.868 

1.880 

t-Fe 3 B 

j 





89.3 

1.622 

1.634 

t-FegB 

j 

s 

89.5 

1.619 

1.634 

t- Fe 2 B 

106.3 

1.425 

1.433 

c»-Fe 

i ! 

106.5 

1.423 

1.433 

c'-Fe 


calc: d value calculated from observed data 

std : standard d values of the phases, reported in literature. 


<x-Fe and FegB in Fe^B^Sig and Fe.ygB^^Sig metallic glasses after a heat- 
treatment of 30 min. at 475°C and 495°C respectively. Bang and Lee , on the other 
hand, have observed a-(Fe.Si) and FegB peaks in Fe^B^Sig after annealing at 
450°C for 30 minutes. Meng and Wang f 1986 ] . have reported commencement of crys- 
tallization in Fe 7g B ;L3 Sig after annealing at 460°C for 15 minutes. But our 
samples did not show any crystalline peaks even after annealing at 450°C below 
4 hr. The first indication of crystalline peaks in our case was at 450°C (4 hr) 
for Fe^gB^gSig and 475°C (1 hr) for Fe 7g B 13 Si g . However these results differ a 
lot from that of Surinach et al. f 1980 ] , Zaluska et al. f 1983] and Nagarajan 
et al. 119881, who have reported the crystallization of <x-(Fe-Si) and FegB 
only. The reason for this slightly different phase formation at different temp- 


eratures and time periods for the same alloy might be associated with the diff- 
erent manufacturing methods which may have slightly different Quenching rates 


and hence different quenched-in nuclei in the amorphous structure. 

Bang and Lee \ 19911 , observed a single Fe^B line at 2© equal to 46.2°, two 
Fe 2 B lines at 2© equal to 65.4° and 89.3°, and a-(Fe-Si) lines at 2© equal to 
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70° and 106°. In our saaples (see Table 4.1) the Fe^B line was observed at 
66.5? 68.75° and 75? the FegB lines at 65.5? 69.45° and 89.3°, and the os-Fe (or 
a-(Fe-Si)) lines at 68.7° and 106.3°. 

To coaplete the X-ray diffraction studies of crystallization and to monitor 
the conversion of Fe<jB phase into Fe 2 B phase, we have studied these aetallic 
glasses after heat-treataent at 600°C for 2 hr and at 700°C for 15 minutes. 
These teaperatures are much above the reported crystallization temperatures, and 
the results are shown in Figure 4.3. It is evident from the figure that the 
intensity of the Fe^B decreases and that of the Fe 2 B peak increases as a func- 
tion of tiae period of heat-treataent. However a complete conversion of Fe^B to 
Fe 2 B phase has not taken place for the highest temperature (i.e. , 700°C) 
employed in these final X-ray studies. 

4.3 MOSS BAUER ANALYSIS OF AS-RECEIVED SAMPLES 

Mossbauer absorbers of the metallic glasses Fe^B^gSig and Fe^B^Sig were 
prepared using the procedure described in sec. 3.7, and the Mossbauer spectra 
were recorded (at RT) using a constant acceleration spectrometer as described in 
section 3.8. 

Well-defined but broadened six-line Mossbauer spectra were observed for the 
Fe-B-Si as- received samples as shown in Figure 4.4. It is well known that there 
are .a large number of structurally inequivalent Fe-sites present in the dis- 
ordered atomic arrangements of these amorphous alloys f Sharon and Tsuei 1972 , 
Tsuei and Lilientbal 1976 , Chien and Hasegawa 1976 1 which give rise to a 
distribution of hyperfine interactions. This, in turn, has the effect of 
broadening the absorption lines in their Mossbauer spectra. On the other hand, 
in crystalline solids the hyperfine interactions are unique and hence the 
Mossbauer spectra consists of sharp peaks. Hence the broadened spectra observed 
in our samples are characteristic of amorphous solids. 
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FIGURE 4.4 Mossbauer (RT) spectra of as-recieved metallic glasses 
Fe 79 B 16 Si 5 and Fe 78 B 13 Sl 9‘ 


To obtain Mossbauer parameters, the observed Mossbauer spectra were 
analyzed with a computer program using Lorentzian shapes for the peaks. 
Mossbauer parameters obtained from such computer analysis for the as-received 
samples of Fe 7g BjgSig and Fe^gB^Sig are given in Table 4.2 below. These results 
indicate that the isomer shift (IS) increases slightly from 0.06±0.01 to 
0.08±0.01 am/s, as the concentration of silicon increases (i.e., decreasing 
boron concentration) from 5at.% to 9at.%. 


TABLE 4.2 

MOSSBAUER PARAMETERS FOR THE AS-RECEIVED SAMPLES 


METALLIC 

GLASS 

Si(wt.X) 
in alloy 

IS 

(aji/s) 

H 

(kge) 

r(FHHM) 

(mm/s) 

Fe 79 B 16 S 5 

5 

0.06±0.01 

235±5 

1. 12±0.01 

Fe 78 B 13 S1 9 

9 

0 . 08±0 . 01 

247±5 

0.94±0.01 


A: Isomer shift measured with respect to <x-Fe. 
B: Internal Magnetic field at 57-Fe nucleus site. 
C: Line-width of the spectral lines. 
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Similar observations have been nade by Taniwaki and Maeda \ 1988 1 in three types 

of Fe-B-Si Betaine glasses and by Singhal T 1991 1, in Fe on B on Si . According to 

Walker et al. f 1961] , the isoaer shift increases with increasing 3d and decreas- 

57 

ing 4s electron nuabers f for Fe atoms in the absorber. In the present case, 
the replaceaent of B by Si, causes aore electrons to fill the 3d-holes of Fe 
through the hybridation of the 3d~orbitals of Fe with s- and p-orbitals of the 
aetalloid Si and these surplus 3d-electrons, in turn, shield more 4s-electrons 
thereby reducing the electron density at the nucleus. 

We have also observed a slight increase in the internal magnetic field (H) 
from 235 kOe (for 5 atoaXSi) to 247 kOe (for 9 atoaXSi ) with Si concentration. 
Similar increase in H values with increasing Si concentration have been reported 
previously f Gonser et al. 1982, Taniwaki and Maeda 1988, Singhal et al. 1991], 
and has been considered to occur due to the strain caused during the replacement 
of a small aetalloid (boron) by a larger aetalloid (silicon) atom in the 
interstitial site. 

4.4 Mossbauer analysis of heat-treated samples of FE^gB^gSig 

Kith an aim of studying the kinetics of crystallization in the metallic 
glass Fe^gB^gSig, the as-received samples were heated (annealed) at different 
temperatures in the range 300°C to 475°C, for different tine periods ranging 
froa 1 hr to 37 hr. The details of the heat-treataent schedule is described in 
Table 4.3. As mentioned earlier, these heat-treataent schedules correspond to 
those used in the RBS/diffusion studies (to be described in chapter V). 

Ndssbauer spectra of such heat-treated samples were recorded at RT and they 
are shown in Figure 4.5. Values of Mossbauer paraaeters obtained froa the compu- 
ter analysis of these spectra are listed in Table 4.3 along with the assignment 
of the precipitated phases deduced froa the TMS and XRD studies. 
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TABLE 4.3 

mOssbauer parameters, obtained from computer analysis for metallic 

GLASS Fe 79 B lg Si 5 AFTER VARIOUS HEAT TREATMENTS 


ANNEALING 
TEMP(°C) TIME(hr) 

IS 

H 

(kge) 

r 

(mj/s) 

ASSIGNMENT 
M&ssbauer | X.jg.D. 

300 

1 


0.10 

242 

1.09 

amorphous 

amorphous 


4 


0.03 

243 

1.21 

amorphous 

amorphous 


8 


0.10 

239 

1.01 

amorphous 

amorphous 


16 


0.10 

240 

1.04 

amorphous 

amorphous 

350 

1 


0.01 

237 

1.00 

amorphous 

amorphous 


2 


0.05 

239 

1.08 

amorphous 

amorphous 


4 


0.05 

238 

1.00 

amorphous 

amorphous 


8 


0.03 

240 

1.07 

amorphous 

amorphous 


16 


0.01 

• 239 

1.04 

amorphous 

amorphous 

400 

1 


0.02 

240 

1.05 

amorphous 

amorphous 


2 


0.01 

239 

1.08 

amorphous 

amorphous 


4 


0.02 

239 

1.05 

amorphous 

amorphous 


8 


0.02 

240 

1.05 

amorphous 

amorphous 


16 


0.01 

239 

1.07 

amorphous 

amorphous 

450 

1 


0.01 

242 

1.17 

amorphous 

amorphous 


4 

(1) 

0.00 

334 

0.29 

a-Fe 

a-Fe 



(2) 

0.03 

331 

0.49 

Fe-Si (8nn) 

N.O. 



(3) 

0.08 

311 

0.39 

Fe-Si ( 7nn) 

N.O. 



(4) 

0.02 

288 

0.39 

J Fe-Si (6nn) 

N.O. 







lt~Fe 3 B 




(5) 

0.07 

268 

0.49 

t-Fe g B 

N.O. 



(6) 

0.09 

247 

0.43 

J Fe-Si (5nn) 

N.O. 







FegB (avg) 

N.O. 



(7) 

0.11 

229 

0.40 

t-Fe^B 

N.O. 



(8) 

0.08 

200 

0.49 

Fe-Si (4nn) 

N.O. 

450 

8 

(1) 

0.00 

334 

0.29 

oc-Fe 

a-Fe 



(2) 

0.03 

331 

0.51 

Fe-Si (8nn) 

N.O. 



(3) 

0.08 

311 

0.39 

_ Fe-Si (7nn) 

N.O. 



(4) 

0.02 

288 

0.39 

j Fe-Si (6nn) 

N.O. 







Jt-FegB 

N.O. 



(5) 

0.07 

268 

0.49 

t-Fe 3 B 

N.O. 



(6) 

0.09 

247 

0.39 

J Fe-Si (5nn) 

N.O. 







^ e 2® ( av ?* i 

N.O. 



17) 

0.11 

229 

0.39 

t- Fe 3 B 

N.O. 



(8) 

0.08 

200 

0.49 

Fe-Si (4nn) 

N.O. 


a,b,c,d : are defined below: 


A = Isomer Shift measured with respect to a-Fe: typical error ±0.01 
b = Internal Magnetic Field at 57-Fe nuclues : typical error ±5.00 
c = Width of the spectral line : typical error ±0.01 
D : N.O. = Not Observed 
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M&SSBAUER PARAMETERS, OBTAINED FROM COMPUTER ANALYSIS FOR METALLIC 


GLASS Fe 79 B 16 8i g AFTER VARIOUS HEAT TREATMENTS (contd.) 


ANNEALING IS 

TEMP(°C) TIME (hr) (■£/ 

H 

s ) ( kge ) 

r 

(ng.'i 

ASSIGNMENT 

3) Mbssbauer | X.g.D. 

450 

16 (1) 0.00 

334 

0.29 

ot-Fe 

ot-Fe 


(2) 0.03 

331 

0.43 

Fe-Si (8nn) 

N.O. 


(3) 0.06 

313 

0.43 

Fe-Si (7nn) 

N.O. 


(4) 0.18 

283 

0.45 

j Fe-Si (6nn) 

Jt-FegB 

N.O. 

N.O. 


(5) 0.07 

268 

0.39 

t-Fe 3 B 

N.O. 


(6) 0.24 

238 

0.39 

J Fe-Si (5nn) 
j FegB (avg.) 

N.O. 

N.O. 


(7) 0.11 

229 

0.39 

Fe 3 B 

N.O. 


(8) 0.18 

200 

0.39 

Fe-Si (4nn) 

N.O. 

450 

29 (1) 0.00 

334 

0.29 

ot-Fe 

ot-Fe 


(2) 0.03 

331 

0.43 

Fe-Si (8nn) 

N.O. 


(3) 0.06 

313 

0.43 

r Fe-Si (7nn) 

N.O. 


(4) 0.18 

283 

0.45 

J Fe-Si (6nn) 
l‘- Fe 3 B 

N.O. 

Fe 3 B 


(5) 0.07 

268 

0.39 

r Fe 3 B 

Fe 3 B 


(6) 0.24 

238 

0.39 

J Fe-Si (5nn) 

| FegB (avg.) 

N.O. 

Fe 2 B 


(7) 0.11 

229 

0.39 

t-Fe 3 B 

Fe 3 B 


(8) 0.18 

200 

0.39 

Fe-Si (4nn) 

N.O. 

450 

37 (1) 0.02 

334 

0.29 

ot-Fe 

ot-Fe 


(2) 0.03 

331 

0.41 

Fe-Si (8nn) 

N.O. 


(3) 0.06 

313 

0.41 

r Fe-Si (7nn) 

N.O. 


(4) 0.18 

283 

0.39 

J Fe-Si (6nn) 
Jt-FegB 

N.O. 

Fe 3 B 


(5) 0.07 

268 

0.39 

t-FegB 

Fe 3 B 


(6) 0.24 

238 

0.39 

J Fe-Si (5nn) 

[ Fe 2 B (avg. ) 

N.O. 

Fe 2 B 


(7) 0.11 

229 

0.39 

t-Fe 3 B 

Fe 3 B 


(8) 0.18 

200 

0.39 

Fe-Si (4nn) 

N.O. 

475 

1 (1) 0.14 

334 

0.29 

ct-Fe 

ot-Fe 


(2) 0.03 

327 

0.39 

Fe-Si (8nn) 

N.O. 


(3) 0.12 

311 

0.39 

_ Fe-Si (7nn) 

N.O. 


(4) 0.11 

288 

0.39 

J Fe-Si (6nn) 

L t -*3 B 

N.O. 

Fe 3 B 


(5) 0.07 

266 

0.43 

t-Fe,B 

Fe 3 B 


(6) 0.08 

242 

0.43 

J Fe-Si (5nn) 

[ Fe 2 B (avg.) 

N.O. 

Fe 2 B 


(7) 0.14 

226 

0.39 

t-Fe 3 B 

Fe 3 B 


(8) 0.21 

196 

0.39 

Fe-Si (4nn) 

N.O. 

A, 8, C, 0 

: as defined 

in beginning of 

table. 




mOssbauer parameters, obtained from computer analysis for metallic 


GLASS Fe_ a B 1c Si c AFTER VARIOUS HEAT TREATMENTS (contd.) 
/ y xo 5 


ANNEALING IS 

TEMP(°C) TIME I hr) (bj/s) 

H 

(kge) 

r 

(Bg/S) 

ASSIGNMENT 
Mossbauer J X.g.D. 

475 

2 ( 1 ) 0.07 

331 

0.30 

Ot-Fe 


ot-Fe 


( 2 ) 0.11 

327 

0.48 

Fe-Si 

(8nn) 

N.O. 


( 3 ) 0.14 

310 

0.33 

Fe-Si 

(7nn) 

N.O. 


( 4 ) 0.21 

286 

0.30 

j Fe-Si 

(6nn) 

N.O. 





Lt-re 3 B 


Fe 3 B 


( 5 ) 0.27 

269 

0.54 

t-FesB 


Fe 3 B 


( 6 ) 0.16 

239 

0.42 

j Fe-Si 

(5nn) 

N.O. 





L Fe 2 B 

(avg) 

Fe 2 B 


( 7 ) 0.16 

226 

0.30 

t-Fe^B 


Fe 3 B 


( 8 ) 0.24 

199 

0.44 

FeSi 

(4nn) 

N.O. 

475 

4 m - 0.02 

334 

0.30 

ot-Fe 


ot-Fe 


( 2 ) 0.08 

327 

0.40 

Fe-Si 

(8nn) 

N.O. 


( 3 ) 0.04 

311 

0.40 

r Fe-Si 

(7nn) 

N.O. 


( 4 ) 0.08 

288 

0.40 

j Fe-Si 

(6nn) 

N.O. 





P-F'S® 


Fe 3 B 


( 5 ) 0.01 

269 

0.40 

t-Fe^B 


Fe 3 B 


( 6 ) 0.14 

239 

0.40 

J Fe-Si 

(5nn) 

N.O. 





L Fe 2 B 

(avg) 

Fe 2 B 


( 7 ) 0.09 

226 

0.40 

t-Fe^B 


Fe 3 B 


( 8 ) 0.19 

196 

0.40 

Fe-Si 

(4nn) 

N.O. 

475 

6 ( D - 0.03 

335 

0.38 

ot-Fe 


ot-Fe 


( 2 ) 0.10 

329 

0.40 

Fe-Si 

(8nn) 

N.O. 


( 3 ) 0.03 

311 

0.32 

Fe-Si 

(7nn) 

N.O. 


( 4 ) 0.15 

290 

0.48 

j Fe-Si 

(6nn) 

N.O. 





|t-Fe 3 B 


Fe 3 B 


( 5 )- 0.02 

263 

0.40 

t-Fe^B 


Fe 3 B 


( 6 ) 0.10 

235 

0.32 

J Fe-Si 

(5nn) 

N.O. 





L Fe 2 B 1 

[avg. ) 

Fe 2 B 


( 7 ) 0.06 

225 

0.34 

t-Fe^B 


Fe 3 B 


( 8 ) 0.13 

195 

0.52 

Fe-Si 

(4nn) 

N.O. 

475 

8 ( 1 ) 0.08 

334 

0.29 

ot-Fe 


ot-Fe 


( 2 ) 0.10 

329 

0.31 

Fe-Si 

(8nn) 

N.O. 


( 3 ) 0.13 

313 

0.41 

Fe-Si 

(7nn) 

N.O. 


( 4 ) 0.24 

286 

0.34 

1 Fe-Si 

(6nn) 

N.O. 





jt- Fe 3 B 


Fe 3 S 


(5) 0.25 

265 

0.30 

t-Fe^B 


Fe 3 B 


(6) 0.20 

238 

0.31 

F Fe-Si 

(5nn) 

N.O. 





| Fe„B (avg.) 

Fe 2 B 


( 7 ) 0.13 

227 

0.30 

t-Fe^B 


Fe 3 B 


(8) 0.26 

202 

0.49 

♦ - X* 4 

Fe-Si 

— 

(4nn) 

N.O. 


A, S, c, p : as defined in beginning of table. 
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Figure 4.5 M°ssbauer (BT) spectra of Fe 79 B ig si 5 . 

(c) heat-treated at 400°C for various tiae periods. 

(d) beat-treated at 450°C for various tiae periods. 
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Results shown in Figure 4.5 indicate that sanples heat-treated at (i) 00 
for 1, 4, 8, and 16 hr, (ii)350°C for 1, 2, 4, and 8 hr, and <iii)400 p C for : 
4, and 8 hr, show Mossbauer spectra which are similar in shape with the su 
finger pattern (with broad lines) shown by the as-received saaple. Tha 
behaviour suggests that the Baaples of Fe^gB^gSi,. heat-treated at these ttspera 
tures (for the time period mentioned) are still amorphous in nature. Thi 
conclusion is also supported by the X-ray diffraction studies. Heat treatmen 
given at 400°C for 16 hr appears to usher changes in the nature of the MSssbaue 
spectrum and these changes (Figure 4.5) appear to develop quickly as the sampl 
is heat-treated at 450°C for 1, 4, 8, and 16 hr. The broad six-finger pattern 
Mossbauer spectrum changes into a more complicated spectrum composed of 
lines, and this behaviour indicates the onset of crystallization process in 
metallic glass. By the time the sample is heat-treated for 2 hr at 475 C, 
crystallization process appears to have advanced and is perhaps more sta 

the heat- treatment at 475°C at 8 hr (Figure 4.5). 

In order to identify the phases precipitated, one has to exam* 
Mossbauer parameters obtained by computer analysis. The results of the c p 
analysis for samples heat-treated at 450°C (4 hr), 450 C (16 hr), 475 C 
475°C (8hr) and 450°C (37 hr), shown in Figures 4.6 to 4.10 respectively, 
out the complicated nature of the computer analysis. 

The values of the Mossbauer parameters obtained for these 
(Figures 4.6 to 4.10) are already shown in Table 4.3. These values indica 
Fe^B is formed in the tetragonal phase at three Fe-sites, while only an 
value of H (of the two Fe-sites) is observed for F^B. Actually Tsk&c 
r 15751, have obtained H values corresponding to two Fe-sites in FegB, w 
very close i.e., 242 and 231.7 kOe. In our case this could not be restored, most 
probably due to the presence of the amorphous phase. The atomic percen 
Fe-Si solid solution appears to have been formed at 8, 7, 6, 5 and 


Ill 



IGURE 4.0 Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 
mentioned below. 

v-oc -Fe, v-Fe-Si (8nn), <>”Fe-Si(7nn), A-Fe-Si(6nn) + t-Fe 3 B, ■-t-Fe 3 B, 
A-Fe-Si(5nn)+ t-Fe 2 B(avg), C]-t-Fe 3 B , o-Fe-Si(4nn) . 
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Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 
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FIGURE 4.9 Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 




the various phases precipitated. The symbols refer to the 



neighbour (nn) Fe atom sites. It is well known that values of H in the Fe-Si 
solid solution depend on the nearest neighbour distributions f Haggstroa et al. 
1973. Nagarajan et al. 1988 ] . 


These results (Table 4.3) indicate the formation of a-Fe, FegB, FegB, aB 

well as Fe-Si. Previous studies of Fe B 1rtA (72 £x £86) and crystalline Fe„B by 

x 100-x ' 3 

Chien et al. \ 1979] have shown that the crystalline Fe^B is a metastable phase 
(not a stable one) which decoaposes according to Fe^B— ^FegB + a-Fe, at higher 
teaperatures f Keaeny et al. 1979, Cusido 1985] . And hence, as the crystalli- 
zation is not coaplete in the heat-treated samples, these show the precipitation 
of Fe^B and FegB phases along with the a-Fe phase. 

In order to throw further light on this aspect we determined the ratio, 
A3/A2, of the areas under the sextets of Fe^B and Fe 2 B obtained from the 
computer fitting of the MOssbauer spectrum. Variation of the ratio A3/A2 (for 
Fe^gB^gSig, heated at 450°C and 475°C, and Fe^B^Sig at 475°C), with the time 
period of heat-treatment is shown in Figure 4.11. These results, particularly 
for 475°C, support the argument that as the time period of heat- treatment is 
increased from 1 hr to 8 hr, the amount of FegB (and a-Fe) increases at the cost 



A3 « orao under FeJ3 phoee, 

A2 - ora under F«jB phoee. 

Figure 4.11 variation in the ratios of the area under the FegB and 
FegB sextets obtained from the computer analysis of: 

(a) Fe 78 B 13 Si 9 (475°C), (b)Fe 79 B 16 Si 5 (450°C) , (c)Fe 79 B 16 Si 5 (475°C) . 
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of FegB. It is further pointed out that Bhatnagar and Ravi \ 1983 1, using 
Mossbauer spectroscopic studies, have determined the crystallization temperature 
of the aetallic glass Fe^gB^gSig to be 546°C. This result further suggests that 
the crystallization of the present samples is not complete even when the samples 
are heat-treated at 475°C for 8 hr. This conclusion can explain the presence of 
Fe^B, FegB, and G-Fe all the way in the saaples heated at 450°C (for 4 hr) to 
475°C (for 8 hr). Interestingly, Quivy et al. f 15551 have observed the formation 
of oc-Fe and Fe^B phases in aetallic glass Fe^gB^gSig (heat-treated at 475°C for 
1/2 hr) by X-ray diffraction and transmission electron microscopic studies. 

It aay be pointed out that during the computer analysis of the Mossbauer 
spectra of the Fe-B-Si metallic glasses heat-treated at 450°C and 475°C, we have 
used the values of H for cc-Fe. t-FegB, FegB an d Fe-Si as given in Table 4.4, 
which were compiled from the values reported in literature. These values helped 
us to build subspectra for obtaining the best fit. Since the Mossbauer spectra 
for Fe^gBjgSig, reported by Bhatnagar and Ravi {19831 were recorded at higher 
temperatures, their values of H could not be used. 


TABLE 4.4 

REPORTED VALUES OF INTERNAL MAGNETIC FIELD (H) 
OF PHASES OBSERVED IN THE METALLIC GLASSES. 


PHASE 

OBSERVED 


SITE (kOe) Bef ‘ 


j PHASE 
{ OBSERVED 


SITE (kO.1 Bef - 


ct-Fe 


t-Fe 2 B 


t-Fe 3 B 


Fe-8. 6at%Si 
(bcc) 


4 . 



330 

Sanchez eiiFe-18. latXSi 



al. 1989 

| (bcc) 

1 

232 

Takacs et 

j 

2 

242 

al. 1975 

: 

avg. 

237 


j 


226 

Caer et 

|Fe-14. 8at%Si 

1 

1 (bcc) 

; 

2 

265 

al. 1981 

3 

288 


2 

0 

avg. 

259 


• 

8nn 

331 

Ok and 

! 

• 

7nn 

308 

Morrish 


6nn 

277 

1980 

2 


8nn 

325 

Ok et al. 

7nn 

306 

1981 

6nn 

284 


5nn 

244 


4nn 

192 


8nn 

328 

Nagara.ian 

7nn 

313 

et al.1988 

6nn 

285 


5nn 

239 


4nn 

201 
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Present results indicate precipitation of Fe-Si phase during the crystalli- 
zation of Fe^gBjgSig (Table 4.3). Evidence for the foraation of Fe-Si has been 
shown in the literature for other metallic glasses. Thus Nowik et al. [19881 
who studied Mbssbauer spectra of FeggBjgSig, found that the final products of 
crystallization occurring above 500°C, were oc-Fe. Fe 2 B, Fe-Si. Similarly 
studies by Ok and Morrish f 1 9801 by Mbssbauer spectroscopy. X-ray diffraction 
and density measurements showed that the heat-treatment of Fe 00 B 10 Si_ gives rise 

04 xc o 

to a transformation involving several stages, with the final products (showing 
absence of ot-Fe) being Fe 2 B and Fe-9 atomXSi. 

In the case of Fe^g 4*^4 2®^10 4 ^ a 19811, the final products of 
crystallization were Fe 2 B and Fe-18.lat.XSi alloy. Nagarajan et al. [19881 
investigated the crystallization of Fe^gB^Sig by Mbssbauer spectroscopy and 
X-ray diffraction, and concluded that Fe-14.8at.XSi and FegB were the final 
products. 

During the- computer analysis of the Mbssbauer spectra of Fe^gB^gSig the 
best computer fit provided the set of H values in the ranges 331-335, 327-331, 
310-313, 283-288, 263-269, 238-247, 225-229, and 196-200 kOe. As shown in Table 
4.3, these values were assigned to t-Fe^B (283-288, 263-269 and 225-229 kOe), 
«-Fe (331-335 kOe) , Fe 2 B {(average) 238-247 kOe), and Fe-Si ((8nn) 327-331, 
(7nn)310-313, (6nn)283-288, (5nn)238-247 and (4nn)196-200 kOe). Such an analysis 
involved considerable overlap between different sextets making the job of compu- 
ter fit complicated. In the case of Fe 2 B, there was overlapping with the Fe-Si 
(5nn) line, whereas t-Fe^B at one site, overlapped with the Fe-Si( 6 nn) line. 


4.5 Mossbauer analysis of heat-treated samples of FE^gB^Sig 

The as-received samples of Fe^gB^Sig were heat-treated at different 
temperatures in the range 300°C to 475°C for different time periods in the range 


1 hr to 37 hr as described in Table 4.5. Mbssbauer spectra of the samples heat- 



TABLE 4.5 

mOssbauer parameters obtained from computer analysis fob metallic 

GLASS Fe 7g B 13 Si 9 AFTER VARIOUS HEAT TREATMENTS 


ANNEALING 

TEMPI °C) TIME(hr) 

IS 

Imj/s) 

H 

(kge) 

r 

(ap/s) 

ASSIGNMENT 
M^ssbauer j X.g.D. 

300 

1 


0.12 

252 

0.94 

amorphous 

amorphous 


4 


0.01 

255 

0.97 

amorphous 

amorphous 


8 


0.14 

252 

0.91 

amorphous 

amorphous 


16 


0.12 

254 

0.91 

amorphous 

amorphous 

350 

1 


0.03 

250 

0.90 

amorphous 

amorphous 


2 


0.06 

252 

0.96 

amorphous 

amorphous 


4 


0.05 

253 

0.91 

amorphous 

amorphous 


8 


0.04 

254 

0.90 

amorphous 

amorphous 


16 


0.04 

254 

0.93 

amorphous 

amorphous 

400 

1 


0.04 

252 

0.93 

amorphous 

amorphous 


2 


0.07 

254 

1.01 

amorphous 

amorphous 


4 


0.04 

251 

0.98 

amorphous 

amorphous 


8 


0.06 

255 

0.94 

amorphous 

amorphous 


16 


0.04 

255 

0.97 

amorphous 

amorphous 

450 

1 


0.10 

261 

0.92 

amorphous 

amorphous 


4 


0.12 

258 

1.06 

amorphous 

amorphous 


8 


0.22 

255 

1.29 

amorphous 

amorphous 


16 


0.19 

253 

1.12 

amorphous 

amorphous 

450 

29 

(1) 

0.01 

332 

0.29 

<x-Fe 

<x-Fe 



(2) 

0.08 

330 

0.29 

Fe-Si (8nn) 

N.0. 



(3) 

0.06 

311 

0.39 

Fe-Si (7nn) 

N.O. 



(4) 

0.05 

284 

0.39 

Fe-Si (6nn) 

N.0. 



(5) 

0.13 

267 

0.39 

t-FegB (avg.) 

Fe 3 B 



(6) 

0.12 

250 

0.39 

Fe-Si (5nn) 

N.O. 



(7) 

0.14 

235 

0.39 

FegB (avg.) 

Fe 2 B 



18) 

0.60 

202 

0.39 

Fe-Si (4nn) 

N.O. 

450 

37 

(1) 

0.01 

332 

0.29 

«-Fe 

oc-Fe 



(2) 

0.08 

330 

0.29 

Fe-Si (8nn) 

N.O. 



(3) 

0.06 

311 

0.39 

Fe-Si (7nn) 

N.O. 



(4) 

0.05 

284 

0.39 

Fe-Si (6nn) 

N.O. 



(5) 

0.13 

267 

0.39 

t-Fe^B (avg. ) 

Fe 3 B 



(6) 

0.12 

250 

0.37 

Fe-Si (5nn) 

N.O. 



(7) 

0.14 

235 

0.37 

FegB (avg. ) 

Fe 2 B 



18) 

0.06 

202 

0,39 

Fe-Si (4nn) 

N.O. 


a,8,c > d : are defined below: 


A = Isomer Shift measured with respect to <x-Fe: typical error ±0.01 
8 = Internal Magnetic Field at 57-Fe nuclues : typical error ±5.00 
c = Width of the spectral line : typical error ±0.01 
D : N.0. = Not Observed 
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mOssbauer parameters obtained from computer analysis for metallic 


GLASS Fe 7g B 13 Si 9 AFTER VARIOUS HEAT TREATMENTS (contd..) 


ANNEALING IS 

TEMPI °C) TIME I hr) (wg/s) 

H 

(kge) 

r 

ASSIGNMENT 
M&ssbauer { X.g.D. 

475 

1 

(1) 0.13 

334 

0.29 

a-Fe 

a-Fe 



(2) 0.18 

331 

0.29 

Fe-Si (8nn) 

N.O. 



(3) 0.28 

314 

0.45 

Fe-Si (7nn) 

N.O. 



(4) 0.15 

286 

0.45 

Fe-Si (6nn) 

N.O. 



(5) 0.17 

266 

0.43 

t-FegB (avg. ) 

N.O. 



(6) 0.16 

250 

0.64 

Fe-Si (5nn) 

N.O. 



(7) 0.22 

235 

0.57 

Fe,,B (avg. ) 

N.O. 



(8) 0.11 

203 

0.68 

Fe-Si (4nn) 

N.O. 

475 

2 

(1) 0.13 

334 

0.58 

a-Fe 

a-Fe 



(2) 0.18 

331 

0.58 

Fe-Si (8nn) 

N.O. 



(3) 0.28 

314 

0.78 

Fe-Si (7nn) 

N.O. 



(4) 0.15 

286 

0.86 

Fe-Si (6nn) 

N.O. 



(5) 0.17 

266 

0.86 

t-Fe g B (avg.) 

Fe 3 B 



(6) 0.16 

250 

1.15 

Fe-Si (5nn) 

N.O. 



(7) 0.22 

235 

1.14 

FegB (avg.) 

Fe 2 B 



(8) 0.11 

203 

1.36 

Fe-Si (4nn) 

N.O. 


4 

(1) 0.08 

334 

0.58 

a-Fe 

a-Fe 



(2) 0.13 

331 

0.58 

Fe-Si (8nn) 

N.O. 



(3) 0.08 

309 

0.58 

Fe-Si (7nn) 

N.O. 



(4) 0.07 

286 

0.58 

Fe-Si (6nn) 

N.O. 



15) 0.06 

267 

0.78 

t-Fe g B (avg.) 

Fe 3 B 



16) 0.05 

253 

1.10 

Fe-Si (5nn) 

N.O. 



(7) 0.06 

235 

1.14 

FegB (avg.) 

Fe 2 B 



(8) 0.01 

203 

1.44 

Fe-Si (4nn) 

N.O. 

475 

6 

(1) 0.08 

334 

0.58 

a-Fe 

a-Fe 



(2) 0.13 

331 

0.58 

Fe-Si (8nn) 

N.O. 



(3) 0.06 

318 

0.91 

Fe-Si (7nn) 

N.O. 



(4) 0.08 

289 

0.90 

Fe-Si (6nn) 

N.O. 



(5) 0.02 

265 

0.78 

t-Fe g B (avg.) 

Fe 3 B 



(6) 0.22 

242 

0.78 

Fe-Si (5nn) 

N.O. 



(7) 0.11 

235 

0.72 

FegB (avg.) 

Fe 2 B 



(8) 0.29 

196 

0.78 

Fe-Si (4nn) 

N.O. 

475 

8 

ID 0.09 

334 

0.58 

a-Fe 

a-Fe 



(2) 0.15 

330 

0.58 

Fe-Si (8nn) 

N.O. 



(3) 0.13 

314 

0.78 

Fe-Si (7nn) 

N.O. 



(4) 0.11 

286 

0.78 

Fe-Si (6nn) 

N.O. 



(5) 0.07 

268 

0.72 

t-Fe^B (avg. ) 

Fe 3 B 



(6) 0.25 

243 

0.78 

Fe-Si (5nn) 

N.O. 



(7) 0.11 

235 

0.72 

FegB (avg. ) 

Fe 2 B 



(8) 0.20 

196 

0.78 

Fe-Si (4nn) 

N.O. 


A, B, C 


B : as in earlier page 



INTENSITY (orb. units) l INTENSITY (orb 








INTENSITY (orb. units) , INTENSITY (orb. units') 

T — f — I — i — r — i — r — i — I — i — i — T — 1 — 1 — i — i — , — t — t— . , — ■ — . — r-. v ' 


400°^16-^hr^ 

F €?7gBi 3S ig 

400°C .8- hr 

V/A 

40 ° o C^4-Jt^ 


400°C ^--hr^ 


as-recd 

Vt/Vl 


450 c C ,29-hr 
450 c C , 1 6— hr V, 

450°C^-hr^ S \ 
450°C ,4— hr \ 

450°C^T-I^ 


VELOCITY (mm/s) 


F e7gBi3Slg 


VELOCITY (mm/s) 

FIGURE 4.12 Mossbauer (BT) spectra of ^ e 78 ®i 3 ^£ 

(c) heat-treated at 400°C for various tise periods 

(d) heat-treated at 450°C for various tise periods 






INTENSITY (orb. units) 


475°C ,8- hr 


475°C ,6-hr 


Fe 78 B 13 Si 9 



A/^A^V'v 


475°C A— hr 


475°C ,2— hr 



475°C ,1 — hr 





VELOCITY (mm/s) 


475 C ,8-hr 


AS-REC'D 




VELOCITY (mm/s) . 

Figure 4.12 Mossbauer (BT) spectra of Fe 7 g B i 3 Si 9 ‘ 

(e) beat-treated at 475°C for various tiae periods. 

(f> coaparision of as-recieved with heat-treated at 475°C (8 hr) 
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treated at 300°C. 350°C and 400°C (for different time periods as mentioned in 
the table) are presented in the Figure 4.12. and these consist of six broad 
lines (of line-widths ranging from 0.9±0.01 to 1.0±0.01 mm/s) which are typical 
of the amorphous phase. This behaviour continues for samples heat-treated at 
450°C for 1, 4, 8, and 16 hr. 

Changes in the shape of the Mossbauer spectra are observed for the samples 
heat-treated at 450°C for 29 and 37 hr and at 475°C for 6 and 8 hr, indicating 
the onset of crystallization process. It is interesting to note from Figure 4.12 
that the lines in the Mossbauer spectra of the sample heat-treated at 475°C for 
1 and 2 hr are not so well resolved although the computer analysis (see Table 
4.5) provides phase assignments same as the samples heated at 450°C (for 29 and 
37 hr) and 475°C (for 6 and 8 hr). 

A general comparison of these results with those for Fe^gBjgSig samples 
indicate that the addition of Si has improved the thermal stability of these 
metallic glasses. Similar behaviour has been observed by several other workers. 

As in the case of Fe-_B., -Si- , the Mossbauer SDectra of the samples of 

79 16 5 

Fe^gBjgSig heat-treated at 450°C (for 29 and 37 hr) and 475°C (for 1, 2, 4. 6 
and 8 hr) were complicated in nature and could be best fitted with the sub- 
spectra characteristic of FegB, <x-Fe, FegB Fe-Si. The values of the 
Mossbauer parameters and assignment of phases are listed in Table 4.5. and they 
indicate a general similarity between the two metallic glasses. Plots of the 
computer-fitted sub-spectra (Figures 4.13 to 4.17) were analyzed for the ratio 
of the amount of Fe^B to FegB phases and these results (Figure 4.11) show that 
the amount of Fe^B decreases (and that of «-Fe and FegB increases) as the 
temperature and time period of heat-treatment is increased beyond 450°C (16 hr). 

The present results (Figures 4.13 to 4.17 and Table 4.5) indicate that the 
crystallization of the metallic glass Fe^gBjgSig was not complete even after an 
heat-treatment of 8 hr at 475°C. This result is in agreement with the observa- 
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the various phases precipitated. The symbols refer to the phases as 
mentioned below. 

▼-a-Fe,v-Fe-Si(8nn),0-Fe-Si(7nn), A-Fe-5i(6nn), ■ -t-Fe 3 B(avg) , A-Fe-Si(5nn), 
□- t-Fe 2 B(avg), o-Fe-Si(4nn). 
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Figure 4.14 Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 
mentioned in figure 4.13. 
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Figure 4.15 Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 
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FIGURE 4 . 1.6 Analyzed (RT) Mossbauer spectrum of heat-treated sample indicating 
the various phases precipitated. The symbols refer to the phases as 
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tions by Bhatnagar and Ravi \ 1983 T and that of Nagara.ian et al. \ 1988] for the 
crystallization temperature of Fe^gB^gSig to be 563°C and 559°C respectively. 

General similarities in the values of Mossbauer parameters obtained at 
475°C for Fe^gB^gSig and Fe^gB^gSig samples (Table 4.3 and 4.5) indicate that a 
decrease in the B content, while an increase in the Si content does not bring 
large changes as long as the B+Si content remains approximately the same. A 
minor change observed by us is that the amount of Fe^B precipitated in 
Fe^gB^gSig is more than that in Fe^gB^gSig. In fact, we had obtained an average 
value of H for t-FegB in order to obtain a best fit to the Mossbauer spectra and 
this could be due to the smaller amount of FegB. This behaviour could imply that 
the precipitation of FegB is inhibited by the addition of Si f Nagar&jan et al. 
1988 1 . 

We found it interesting to examine the changes in the line widths of the 
Mossbauer lines characteristic of FegB and FegB phases with the increase in the 
time period of heat- treatment. Results of such an analysis for the two metallic 
glasses are shown in Figure 4.18, and these indicate that in the case of FegB 
phase (for both the glasses) the line width decreases with the time period of 
heating. This is an interesting observation and more systematic studies are 
necessary before it can be termed as a logical behaviour in the kinetics of 
crystallization. 

To complete the comparison between the two metallic glasses we have shown 
in the Figures 4.5 (f) and 4.12 (f) the Mossbauer spectra of the as-received 
samples along with the spectra of the same samples heat-treated at 475°C for 8 
hr. Similarly the as-observed Mossbauer spectra (at RT) of the two glasses 
after heat-tr atment at 475°C for 8 hr, are compared in Figure 4.19. 



FeTBDpSlg 


0 20 

30 

TIME (*10 3 s) 



re-7ttBn*$ 


TIME (t10 3 s) 


TIME (*10 s) 


FIGURE 4.18 variation in the line-width (FWHM) of Fe^B and Fe^B 

lines with tine period of heat-treataent , in: 

(a) Fe^gBjgSig, heat-treated at 450°C, 

(b) FeygBjgSig, heat-treated at 475°C, 

(c) Fe„„BjoSig. heat-treated at 450°C. 
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(a) Fe ?9 B 16 Si 5 , (b) Fe^B^Sig. 


4.6 Magnetic ordering 

Glassy alloys (rich in Fe content) possess long range magnetic ordering. 

although there is no long range structural ordering in them. Some information on 

the direction of the magnetic moments in these alloys can be obtained from the 

measurements of the relative hyperfine line intensities. For the 14.4 keV y-ray 
57 

from the Fe state, the ratio of the intensities of the second to the first 
lines is denoted by b, and is defined as: 

b = (4sin^0)/(3(l+cos^0) ) (4.1) 

where 0 is the angle between the magnetization direction and the y-ray propaga- 
tion direction. For a powdered sample (having randomly oriented moments) the 
value of b is equal to 2/3. 

Metallic glasses being amorphous in nature give rise to broad spectral 
lines (Figure 4.4) and hence the ratio of the area under the peaks, and not the 
intensity of the peaks are taken into consideration. Clamping the samples affect 
the direction of the moments. Amorphous alloys are apparently more susceptible 
to external stresses than crystalline solids, probably due to the disordered 
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atonic arrangements . These results suggest that the direction of the magnetic 
moaent in the as-received samples are affected by the strain frozen in the alloy 
during the rapid quenching process. Annealing at high tenperatures releases 
these stresses which in turn changes the moment directions. However the internal 
magnetic field H is not affected by the directional changes in magnetic moments. 

Because of the mounting of the samples on copper holders there was a consi- 
derable amount of out-of-plane magnetization due to the induced stresses. It has 
been observed that annealing at high temperatures changes the direction of the 
moments away from the plane of the ribbon. 

The areal ratios of the Mbssbauer spectra of the samples have been found to 
change considerably on annealing the samples as is observed in Figures 4.5 and 
4.12. For the as-received sample of amorphous Fe^gB^gSig, b is equal to 1.33 
i.e., 0 is equal to 90? whereas in the case of Fe^gB^Sig, 6 is equal to 68°. 
It is clear that, with increase in the Si concentration, the value of B has 
decreased. Similar metalloid dependence of the magnetic anisotropy (decreasing 6 
with Si concentration) has also been reported in literature for other Fe-B-Si 
f Lubrosky et al. 1979, Lin et &1. 1981 1 alloys. As the time-period of heat 

treatment, or the temperature is increased the magnetization direction rotates 
out of the plane. Similar results of out of the plane rotation of the magneti- 
zation axis on annealing has also been observed in f Chien 1978 ] , Feg^B^g 

F Ruckman et al. 1980] , Fe^NiggBjgMo^ f Kaaal et al. 1981 ] , Feg^COjgB^Sij 
r Bhatnagar et al. 1985 1, etc.. The results indicate that annealing does relieve 
internal stresses in the sample which are invariably present in the rapidly 
quenched alloys. Since the direction of magnetization is stress sensitive, this 
relief in the internal stress gets reflected in the directional change of the 
magnetization axis. The effects of annealing are usually interpreted in terms of 
a reduction of the number of vacancies and an increase in the topological order 
approaching a relaxed, ideal glass. 
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4.7 Inferences for diffusion studies 

The amorphous nature of the as-received samples of Fe^gBjgSig and 

Fe 78 B 13 Si 9 is " aintained even whe n the glasses are heated upto 400°C for diffe- 
rent time periods not exceeding 16 hr. 

In the case of amorphous Fe^gB^gSi,. glass the crystallization process 
appears to commence when the sample is heated at 450° for 4 hr or more. Thus the 
diffusion studies of this metallic glass, while annealing upto 450°C (4 hr) 
corresponds to the diffusion process in the amorphous phase. 

For the Fe^gB^Sig samples, the crystallization process starts after heat- 
treatment at 475°C for 1 hr. Thus, in this metallic glass the diffusion data 
obtained upto 475°C (1 hr) belongs to the diffusion process in the amorphous 
phase. 


Since we found that the crystallization process of these glasses was not 
complete even when heated upto 475°C for 8 hr, the diffusion data obtained in 
this temperature region will neither belong to the amorphous phase nor to the 
crystalline phase. 

The magnetization direction in the Fe-B-Si glasses have been found to 
change their direction on annealing. 

Against this background of extensive investigation of structural changes 
occurring in these metallic glasses for long annealing durations below the 
reported crystallization temperature, we present our results of diffusion 
studies in these glasses, in the next chapter. The investigations reported in 
this chapter have helped us to identify the range of temperature and time period 
of heat-treatment which can be employed for investigating diffusion coefficients 
in the amorphous structure of these metallic glasses. 



CHAPTER 5 


DIFFUSION STUDIES 


5.1 INTRODUCTION 

The results of the diffusion measurements of Ge, Pd. Ag and Au in the 
metallic glasses Fe^gB^gSig, Fe^gB^gSig, and Fe^gNiggBjgMo^, are presented in 
this chapter. The experimental set-up for the diffusion studies using Rutherford 
backscattering spectrometry (RBS), has been explained in Chapter 3. The 
procedure of determining the diffusion coefficients from a given RBS spectrum of 
the annealed sample (diffusion couple) has been illustrated in section 3.5, for 
the case of diffusion of Pd in Fe^gB^gSig. The RBS spectra, the simulations 
and the diffusion data are presented in sections 5.2 to 5.10 of this chapter. 
The time dependence of the diffusion coefficients has been presented for each 
diffusion couple, which is followed by the determination of the activation 
energy (0.) and the pre-exponential factor (Dg) in the relaxed amorphous state. 
In order to clarify the figures and make each section self-explanatory, a 
repetition in presenting the diffusion results for the various diffusion couples 
became unavoidable. A discussion on the observed diffusion data is given in 
sections 5.11 to 5.14. The changes occurring in the diffusion coefficients, 
before relaxation, during relaxation and in the relaxed state have been 
exemplified in these sections. Important correlations have been presented 
between the radii of the diffusing elements and the diffusion coefficients. The 
last section 5.15, brings out the possible diffusion mechanisms in the metallic 
glasses inferred from the available diffusion data, on the basis of the 
theoretical formalism presented by Nacbtrieb and Handler [1954], Seeger and Chik 
[1968] , Bokshteyn et al. [1980], 
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5.2 DIFFUSION OF Ge IN METALLIC GLASS Fe 79 B 16 Si 5 

The metallic glass Fe^B^gSi,. - Ge diffusion couples were annealed at 
temperatures and time periods mentioned in Table 5.1. 


TABLE 5.1 

SAMPLE IDENTIFICATION FOE Fe^B^Sig - Ge DIFFUSION COUPLE 


SAMPLE 

NUMBEE 

FILM (X) 
THICKNESS 

ANNEAL 

TEMP(°C) 


ANNEAL 

TIME(hr) 


MG252/Ge 

345 

300 

1, 

00 

CM 

12, 

16 

MG248/Ge 

320 

350 

1, 

2, 4, 8, 

12, 

16 

MG247/Ge 

300 

400 

1. 

2, 4, 8. 

12, 

16 

MG253/Ge 

330 

450 

1, 

00 

CM 

12, 

16 

MG254/Ge 

315 

475 

1, 

00 

CM 

12, 

16 


The backscattering spectrum obtained from the as-evaporated film of Ge on the 

metallic glass Fe„ r .B,,.Si c is shown in Figure 5.1. along with the snectra 

obtained after the heat-treatment of the sample for 2 hr, and 8 hr at 400°C. The 
normalized yields have been plotted in order to make these spectra directly 
comparable, as described earlier in (sec. 3. 5). The experimental parameters of 
the backscattering measurements for this sample are also mentioned in the 

figure. The thickness of the as-evaporated Ge film (calculated from the EBS 
spectrum) for this diffusion couple is 300 X (see Table 5.1). The surface 

positions for Ge and Fe are indicated in the figure. The surface position for 
boron appears at channel number 66 (energy 327 keV) and that for silicon at 
channel number 281 (energy 819.5 keV). These signals cannot be distinguished 
because of the background formed by the thick target yield and hence are not 
depicted in the figure. The expanded form (from channel number 360 to 430) of 
the spectrum has been presented so that the changes occurring in the spectrum 
around the interface of the metallic glass and Ge film can be clearly observed. 
The diffusion of Ge in the metallic glass after annealing at 400°C is indicated 
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Figure 5.1 Normalised RB8 spectra of P« 79 B 16 S1 5 -Qo diffusion couple before 
and after annealing at 400°C for 2 hr and 8 hr respectively. The thickness of 
the as-evaporated film is 300 X. The arrow indicates the surface position. 
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FIGURE 5.2 Normalised RBS spectra of Fe^gB^gSig-Ge diffusion couple before 
and after annealing at 350°C for 2 hr and 12 hr respectively. The thickness 
of the as-evaporated film is 320 X. The arrow indicates the surface position. 
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Figure 5.3 Comparison of experimental (1.4 MeV He + , 
scattering angle 150°) and simulated BBS spectra to 
determine the D-value of Ge in Fe„ 0 B..Si c at 300°C 
(12 hr). The simulation was performed using the 
error function solution of the diffusion equation 
(refer section 1.4.3). 
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FIGURE 5 4 Comparison of experimental (1*4 MeV 
scattering angle 150°) and simulated EBS spectra to 

determine the D-value of <Je in Fe 79 B l6 Sl 5 at 350 C 
(4 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 

section 1.4.3). 
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FIGURE 5.5 Comparison of experimental (1.4 MeV He + , 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Ge in Fe^B^gSig at 400°C 
(2 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 
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scattering angle 150°) and simulated BBS spectra to 
deternine the D-.alue of 0e in Fe„B le Si. at 450°C 

(1 hr). The siaulation was a „ ^ _____ 

K Performed using the error 

function solution of the diffusion equation (refer 

section 1.4.3). 
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by (i) the broadening of the FWHM of the Ge peak: and (ii) the appearance of the 
RBS signals from Ge at lower energies. 

Another set of RBS spectra obtained from a similar diffusion couple iso- 
thermally annealed at 350°C is shown in Figure 5.2, for the annealing durations 
as indicated in the figure. The spectra in the Figures 5.1 and 5.2 illustrate 
the changes occurring in the RBS profile as a function of anneal time. 

Each RBS spectrum was analyzed to obtain the diffusion coefficient for a 
particular annealing temperature and duration (refer Table 5.1), following the 
procedure of the diffusion analysis by simulation described earlier in Chapter 3. 
The results of the simulations for a few typical cases -{300 O C (12 hr), 350°C (4 
hr), 400°C (2 hr), and 450°C (1 hr)} are shown in Figures 5.3 to 5.6, where the 
experimental spectrum has been compared in each case with the simulated one. 
The diffusion coefficients obtained from this analysis are denoted by D(t), 
where t is the annealing time, and are given in Table 5.2 for each annealing 
temperature and time period. 

These diffusion coefficients are then utilized to study the dependence of 
the D(t)-values on the annealing time and the dependence of diffusivity on the 
reciprocal of the annealing temperature, in order to obtain information 
regarding the relaxation behaviour and the activation energies. The error in the 
D(t) values is ±30%. 

5.2.1 Dependence of D(t) on annealing time 

The diffusion coefficient of Ge in Fe^gB^gSig evaluated at various 
annealing periods at the annealing temperature of 300°C, 350°C, 400°C, 450°C and 
475°C are plotted in Figures 5.7 (a)-(e), respectively. These figures depict the 
changes occurring in the D(t) values as a function of annealing time (t). There 
are not many studies of the dependence of the diffusion coefficient on the 
annealing time (t) in metallic glasses. The studies reported so far have 



TABLE 5.2 

THE D- VALUES FOR THE DIFFUSION OF 


Ge IN METALLIC GLASS Fe^B^Sig 


ANNEALING 

ANNEALING 

D(t). m 2 /s 

* 

TEMP (°C) 

TIME (s) 

300 

3600 

1.00*10 

300 

7200 

7.50*10" 22 

300 

14400 

3.50*10~ 22 

300 

28800 

-99 

2.00*10 

300 

43200 

i.oo*io" 22 

300 

57600 

1.00*10" 22 

350 

3600 

-99 

8.00*10 

350 

7200 

5.00*10 _22 

350 

14400 

4.00*10" 22 

350 

28800 

-22 

3.00*10 

350 

43200 

2.80*10“ 22 

350 

57600 

-99 

2.00*10 

400 

3600 

i.oo*io -21 

400 

7200 

-99 

8.00*10 * 

400 

14400 

-22 

8.00*10 

400 

28800 

8.00*10~ 22 

400 

43200 

5.00*10~ 22 

400 

57600 

4.50*10~ 22 

450 

3600 

2.00*10 -21 

450 

7200 

1.80*10 -21 

450 

14400 

-22 

9.00*10 

450 

28800 

5.00*10~ 22 

450 

43200 

4.00*10“ 22 

450 

57600 

-22 

2.20*10 

475 

3600 

3.00*10~ 21 

475 

7200 

3.00*10" 21 

475 

14400 

-22 

8.00*10 

475 

28800 

4.00*10~ 22 

475 

43200 

-22 

3.00*10 

475 

57600 

1.80*10 -22 


♦The error in D is ±30% 
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Time (hr) 



Time (*10 3 s) 

(a) 


Time (hr) 



Time (*10 3 s) 
(b) 



Time (*10 3 s) 


Time (*10 3 s) 


(c) (d) 

FIGURE 5.7( a ) _ (d) Diagraas showing variation of the diffusion coefficient 
Dft) as a function of annealing tine t, for diffusion of Ge in 
Fe 79 B 16 S V ^*e ver ti ca l bars on the data points indicate error in the 
diffusion coefficients. The solid circles indicate that the 
crystallization of the aetallic glass is observed bjr us using X-ray and 
NOssbauer techniques for these data points. The solid line, drawn as a 
best visual fit to the data points, asyaptotically approaches a plateau 
value (Dp) shown by the dashed line (except for 450°C, see text). 
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Time (*10 3 s) 

(e) 


FIGURE 5.7( e ) Diagram showing variation of the diffusion coefficient D(t) 
as a function of annealing tine t, for diffusion of Ge in Fe^B^gSig at 
475°C. In this case crystallization has been observed by us using X-ray 
and Mossbauer techniques for all the data points. The solid line 
indicates a best visual fit to the data points. 

employed the tracer technique for studying the behaviour of D(t) in Fe-Ni-B 
[Pfahler et al. 1985 , Horvath et al . 1985] , Fe-Si-B \_Horvath et al . 1988], Fe-Zr 
[Horvath et al. 1988], and Co-Zr [Mehrer and Dorner 1989]. The behaviour of D(t) 
versus t observed by us for the diffusion of Ge in Fe^B^gSig (Figures 5.7 (a) 
to (e)) is similar to that reported by the above workers in that for a given 
temperature T, D(t) decreases smoothly with t and reaches an almost flat plateau 

at large t. We consider these solid lines as best visual fits to the data points 

taking into. account the error bars on the D(t) values. The results in Figure 5.7 

also show that D(t) falls by a factor of 2 to 15 (depending on the temperature 

of annealing) between t=0 and t=16 hr. Similar decrease has been observed 
previously iPfahler et al. 1985 , Horvath and Mehrer 1986 , Horvath et al. 1988 , 
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and Mehrer and Dorner 1989] and it has been attributed to the structural 
relaxation in the amorphous host material. The D(t) versus t curves for the 
annealing temperatures of 300°C, 350°C and 400°C, asymptotically approach a 

plateau value D(t)=D^ and the horizontal dashed lines in Figures 5.7 (a).(b) and 
(c) indicate the line D(t)=D^. These values represent the diffusion process 
in the ’relaxed’ amorphous phase of the metallic glass. When the annealing 
temperature is raised to 450°C or 4 7 5°C , the nature of the D(t) versus t curve 
changes. It is also observed from Figures 5.7 (c), (d) and (e), that in the 
range t^2 hr the D{t) values observed for 450°C and 475°C anneal are higher than 
the corresponding values of D(t) for 400°C. However this trend is reversed at 
higher values of t, and the value of D(t) at t=16 hr is lower for 450°C and 
475°C anneal compared to 400°C. An explanation of this behaviour is found in the 
crystallization kinetics in the host metallic glasses. Previous studies LCahn et 
al. 1980 , Horvath and Mehrer 1986 , Horvath et al. 1988, Bohac et al. 1989 3, have 
shown that the diffusion coefficient in the crystalline phase of metallic glass 
can be lower than that observed in the amorphous phase by almost a factor of 10 
or so. The above explanation can be checked against our results obtained by 
X-ray diffraction technique and Mossbauer spectroscopy reported in Chapter 4. 
These measurements clearly indicate that the crystallization of the metallic 
glass Fe^gBjgSig has commenced when it is annealed at 450°C for 4 hr. and is not 
yet complete even when annealed at 475°C for 16 hr. In view of these results the 
behaviour observed in Figures 5.7 (d) and (e) is attributed to the process of 
crystallization occurring at 450°C (t^4 hr) and 475°C (t=l to 16 hr). We, 
therefore, assumed that the diffusion coefficients obtained by us for samples 
annealed at 450°C (t*4 hr) and 475°C (t=l to 16 hr) do not represent diffusion 
in the amorphous phase of the host metallic glass. These data points are. 
therefore, shown as solid circles in Figures 5.7 (d) and (e). On the other hand 
the data points which represent diffusion in the amorphous phase of the host 
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■etallic glass are shown as open circles (Figures 5.7 (a) - (d) ). It is obvious 
that a plateau value representing diffusion in the relaxed amorphous phase could 
not be assigned for the 450°C and 475°C anneal. Although the D(t) values for t<4 
hr at 450°C anneal, belong to the diffusion process in the amorphous phase, it 
cannot be stated with certainty whether these D(t) values represent diffusion in 
a completely ’relaxed* aaorphous host material. 

5.2.2 Dependence of D on annealing teaperature 

In diffusion measurements, it is necessary to study the temperature 
dependence of diffusivity in order to examine the Arrhenius type behaviour given 
by the equation 

D = Dq exp( |j) (5.1) 

where Dq is the pre-exponential factor, 6 is the activation energy, k is the 
Boltzmann constant and T is the annealing teaperature (in °K). This is done by 
plotting a graph of the diffusion coefficients against the reciprocal of the 
respective annealing temperatures, and the values of 0 and Dq are determined. 
The evaluation of 0 and Dq values and its systematic analysis helps in 
understanding the microscopic mechanise of the diffusion process in the host 
material. In crystalline materials, the diffusion coefficient is a function of 
the annealing temperature only and is independent of the annealing time. On the 
other hand, for metallic glasses, as mentioned above, the diffusion coefficient, 
for a particular temperature, depends on the annealing time as well. As a natter 
of fact such explicit time dependence has not been studied in most of the 
diffusion measurements in metallic glasses reported in the literature so far. 
Thus in most of the cases the problem regarding the choice of the diffusion 
coefficient value for a particular annealing temperature did not arise. As 
mentioned earlier in Sec. 5.2.1 explicit tine dependence was first studied by 
Horvath et al. 11988}, and these authors have used the plateau value D p 
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(obtained from tracer technique) for examining the Arrhenius type behaviour of 
diffusion in metallic glasses. The reason given for this choice is that this 
plateau value truly represents the diffusion in the relaxed amorphous phase. We 
decided to follow the approach of Horvath et a 1. 119881. 

A plot of Dp vs. 1/T is shown in Figure 5.8 and the straight line drawn 
therein is a least square fit to these data points. In Figure 5.8 the open 
circles refer to the data points corresponding to the amorphous phase of the 
host metallic glass, and the open squares correspond to the D(t) values annealed 
at 450°C, at those t-values for which crystallization was ruled out by the 
present X-ray diffraction and Mossbauer spectroscopic studies. As mentioned in 
Sec. 5.2.1, these values (open squares) at 450°C, belong to the diffusion 
process in the amorphous state but do not represent diffusion in a completely 
relaxed condition. Therefore, the data points for 450°C are not used in the 
least square fit and subsequent determination of the activation energy and 
pre-exponential factor. A comparative discussion of the diffusion behaviour at 
450°C for this and all other diffusion couples described in the succeeding 
sections is presented in Sec. 5.12. It is pointed out that Figure 5.8 does not 
include any D(t) values for 475°C because our studies (Chapter 4) indicate onset 
of crystallization in the metallic glass at T=475°C. 

The values of 0 and Dq obtained from a linear regression analysis 
[Bevington 1982 , Sharma 1986 ] of the data (Figure 5.8) are 


0 = 0.56 ± 0.05 eV 
°0 ■ 9 - 1 -5 5 7 “ l °~ 18 ■*/. 

with an error in 0 being 9% and that in log(Dg) being about 2.5%. These errors 
are of the seme order as those generally reported in the literature LSharaa et 


al. 1988b ] . A computer program used for the calculation of Q and Dq and their 
errors is given in Appendix 1. 
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5.3 DIFFUSION OF Ge IN METALLIC GLASS FE^B^Sig 

The samples of the Fe^gB^gSig / Ge diffusion-couples were annealed at the 
temperature and time periods shown in Table 5.3. 

TABLE 5.3 

SAMPLE IDENTIFICATION FOR Fe^B^Sig - Ge DIFFUSION COUPLE 


SAMPLE 

NUMBER 

FILM (X) 
THICKNESS 

ANNEAL 

TEMP(°C) 


ANNEAL 

TIME(hr) 


MG249/Ge 

260 

300 

1, 

2, 4, 8. 

12, 16 

MG246/Ge 

230 

350 

1 . 

2, 4. 8, 

12, 16 

MG245/Ge 

280 

400 

1, 

2. 4, 8. 

12, 16 

MG250/Ge 

250 

450 

1 , 

2, 4. 8, 

12, 16 

MG251/Ge 

210 

475 

1, 

2, 4. 8, 

12, 16 


The presence of diffusion in this diffusion couple has been illustrated by 
comparing the RBS as-evaporated spectrum with the after-annealed spectra in 
Figures 5.9 and 5.10. The simulations for some typical cases are shown in 
Figures 5.11 to 5.13 for 400°C (lhr), 350°C (8hr) and 300°C (4hr) respectively. 
The experimental parameters and the sample layer description are tabulated below 
the figures in each case. The diffusion coefficients D(t) obtained from the 
simulations of each spectrum are given in Table 5.4 above. The error in the D(t) 
values is ±30%. 


5.3.1 Dependence of D(t) on annealing time 

The diffusion coefficients (see Table 5.4) of this system are plotted as a 
function of annealing time in Figure 5.14(a)-(e) for the isothermal annealing 
temperatures of 300°C, 350°C, 400°C, 450°C and 475°C respectively. The solid 
circles indicate that crystallization has been observed by X-ray diffraction and 
MOssbauer studies for these data points. And the open circles represent the 
diffusion process in the amorphous phase of the metallic glass. The features of 
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FIGURE 5.11 Comparison of experimental (1.4 MeV He + . 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Ge in Fe^gB^Sig at 400 C 
(1 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 
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FIGURE 5.12 Comparison of experimental (1.4 MeV He + } 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Ge in Fe^gBjgSig at 350°C 
(8 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 
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FiGURE 5.13 comparison of experimental (1*4 MeV He 
scattering angle 150°) and simulated BBS spectra to 

determine the D-value of Ge in Fe 7 g B i 3 Si 9 at 300 C 
(4 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4*3)* 








TABLE 5.4 


THE D-VALUES FOR THE DIFFUSION OF 
Ge IN METALLIC GLASS Fe^B^Sig 


ANNEALING 

TEMP(°C) 

ANNEALING 
TIME (s) 

D(t). ® 2 /s 

* 

300 

3600 

2.50*10~ 21 

300 

7200 

1.50*10 _21 

300 

14400 

_ 9 *> 

4.00*10 “ 

300 

28800 

-22 

2.00*10 

300 

43200 

1.80*10" 22 

300 

57600 

1. 50*10~ 22 

350 

3600 

2.30*10" 21 

350 

7200 

-21 

1.00*10 41 

350 

14400 

-92 

8.00*10 

350 

28800 

-29 

3.00*10 

350 

43200 

-22 

2.80*10 

350 

57600 

-29 

2.00*10 

400 

3600 

2. 70*10~ 21 

400 

7200 

i.oo*io -21 

400 

14400 

i.oo*io~ 21 

400 

28800 

i.oo*io -21 

400 

43200 

5.50*10' 22 

400 

57600 

1.00*10 -21 

450 

3600 

3.00*10“ 21 

450 

7200 

1. 75*10~ 21 

450 

14400 

1.50*10' 21 

450 

28800 

5.00*10 _22 

450 

43200 

-99 

3.50*10 

450 

57600 

-99 

2.00*10 * 

475 

3600 

5.80*10“ 21 

475 

7200 

3.20*10 -21 

475 

14400 

1. 50*10 -21 

475 

28800 

-22 

8.50*10 

475 

43200 

4. 90*10~ 22 

475 

57600 

4.00*10~ 22 


♦The error in D is ±30* 
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Figure 5.14 (a)-(d) Diagrams showing variation of the diffusion 
coefficient D(t) as a function of annealing tise t, for diffusion of Ge 
in Fe^gBjgSig. The vertical bars on the data points indicate error in 
the diffusion coefficient. The solid line, drawn as a best visual fit to 
the data points, asymptotically approach a plateau value (D^) shown by 
the dashed line (except for 450°C, see text). 











Time (hr) 

0 4 8 12 16 



FIGURE 5.14 ( e ) Diagram showing variation of the diffusion coefficient 
D(t) as a function of annealing time t, for diffusion of Ge in Fe^gB^gSi^ 
at 475°C. In this case crystallization has been observed by us using 
X-ray and MOssbauer techniques for all the data points. The solid line 
indicates a best visual fit to the data points. 


these plots are similar to that of Ge diffusion in Fe^B^gSig. namely: (i) for a 

given temperature. D(t) decreases smoothly with t and reaches an almost flat 

plateau at large t. (ii) the D(t) values decrease by factor of 3 to 20 depending 

on the annealing temperature between t = 1 hr and t = 16 hr. (iii) for annealing 

temperatures of 300°C. 350°C and 400°C. D(t) asymptotically approaches a plateau 

value D(t)=D shown bv the horizontal dashed lines in Figures 5.14 (a), (b) and 
P 

(c). which represents the diffusion process in the ’relaxed* amorphous phase of 
the metallic glass. 

The Mossbauer and X-ray diffraction results (mentioned in Chapter 4) 
indicate that in the metallic glass Fe^gBjgSig the amorphous to crystalline 




450°C 400°C 350*C 300°C 



FIGURE 5.15 Temperature dependence of diffusivity 

of Ge in metallic glass Fe^gB^gSig (Arrhenius 

plot). The open circles indicate the plateau 

values (D ) obtained from the D(t) vs. annealing 
P 

time diagrams (Figs. 5.14 (a), (b) . (c) ) , and the 
solid line is a least square fitting to these 
data points. The values of 0 and Dq obtained from 
the fit iB also mentioned. The open squares 
depict the D(t) values at 450°C for t s 4 hr. The 
D(t) values for 475°C are not shown because 
crystallization is observed at this temperature 
even for the lowest annealing duration. 
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transformation at 450 C annealing occurs for t ^ 16 hr. However it may be noted 
that for this system the D(t) values at 450°C for t H hr are lower than the 
plateau value at 400°C, suggesting occurrence of crystallization of this 
metallic glass at 450°C for t i 8 hr due to the presence of Ge. Therefore a 
plateau value could not be assigned at this temperature. 


5.3.2 Dependence of D on annealing temperature 

The Arrhenius plot of D versus 1/T is shown in Figure 5.15 for diffusion 

p 

of Ge in Fe^gBjgSig. The least square fitting has been done using the values 
obtained for the annealing temperatures of 300°C, 350°C and 400°C. For reasons 
mentioned above a plateau value could not be obtained for 450°C. However the 
D(t) values at 450°C for t<8 hr are shown by open squares for the sake of 
comparison. The activation energy and pre-exponential factor obtained from the 
Arrhenius plot are: 

0 = 0.62 ± 0.18 eV 
Dq = 3.8 _ 3 7 * 10 m /s 

with an error in 0 being 293! and that in log(Dg) being 9%. 

5.4 Diffusion of Pd in metallic glass FEpgB^gSig 

Diffusion couples of metallic glass Fe^gB^gSig - Pd film, were annealed at 
temperatures and time periods mentioned in Table 5.5 below. The thickness of the 

TABLE 5.5 

SAMPLE IDENTIFICATION FOB FE^B^Sig - Pd DIFFUSION COUPLE 


SAMPLE 

NUMBER 

FILM (A) 
THICKNESS 

ANNEAL 

TEMP(°C) 



ANNEAL 

TIME(hr) 

MG272/Pd 

250 

300 

1 , 

2, 

4, 8, 12, 16 

MG2 73/Pd 

200 

350 

1 5 

2, 

4, 8, 12, 16 

MG258/Pd 

250 

400 

1 , 

2, 

4, 8, 12, 16 

MG2 57/Pd 

230 

450 

1 . 

2. 

4, 8. 12, 16 
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Figure 5.16 Normalised RBS spectra of Fe^gBjgSig-Pd diffusion couple before 
and after annealing at 450°C for 2 hr and 8 hr respectively. The thickness of 
the as-evaporated film is 230 X. The arrow indicates the surface position. 
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Channel 

Figure 5.17 Normalised RBS spectra of ^gB^Sig-Pd diffusion couple before 

and after annealing at 400°C for 4 hr and 12 hr respectively. The thickness 
of the as-evaporated film is 250 8. The arrow indicates the surface position. 
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Figure 5. 18 Comparison of experimental (1.4 MeV He + . 

scattering angle 150°) and simulated BBS spectra to 

determine the D-value of Pd in Fe„ n B..Si c at 450°C 

/ y id o 

(1 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 
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Figure 5.19 Comparison of experimental (1.4 MeV He + , 
scattering angle 150°) and simulated BBS spectra to 
determine the D-value of Pd in Fe^gB^gSig at 350°C 
(2 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 




TABLE 5.6 


THE D- VALUES FOR THE DIFFUSION OF 
Pd IN METALLIC GLASS Fe^BjgSig 


ANNEALING 
TEMP (°C) 

ANNEALING 
TIME (s) 

D(t), B^/s 

* 

300 

3600 

2.20*10~ 21 

300 

7200 

1.50*10“ 21 

300 

14400 

-99 

9.00*10 

300 

28800 

-99 

2.00*10 

300 

43200 

i.oo*io“ 22 

300 

57600 

-9 9 

8.00*10 " 

350 

3600 

2.60*10 -21 

350 

7200 

-99 

9.00*10 

350 

14400 

4.00*10' 22 

350 

28800 

-99 

3.00*10 

350 

43200 

1. 40*10~ 22 

350 

57600 

-99 

1.60*10 

400 

3600 

3.00*10' 21 

400 

7200 

1. 30*10~ 21 

400 

14400 

-99 

7.00*10 

400 

28800 

-99 

4.00*10 6C 

400 

43200 

2.40*10“ 22 

400 

57600 

-99 

2.00*10 

450 

3600 

-91 

3.00*10 

450 

7200 

-99 

9.00*10 

450 

14400 

-99 

8.20*10 

450 

28800 

-99 

8.80*10 

450 

43200 

-99 

8.80*10 4 

450 

57600 

-99 

8.00*10 


♦The error in D is ±30% 
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Pd films in the various saaples are also specified. The spectra of the 

as-evaporated samples are shown in Figures 5.16 and 5.17 overlapped with a few 

of those obtained after annealing the saaples at 450°C and 400°C respectively. 

As mentioned earlier only few spectra are plotted for the sake of clarity to 

observe the changes occurring at the interface of the metallic glass Fe„ n B 14 .Si c - 

79 16 o 

-Pd film couple. 

A few of the simulated spectra along with the experimentally observed 
spectra of the same samples at a particular annealing temperature and time 
period are shown in Figures 5.18 (450°C. 1 hr) and 5.19 (350°C. 2 hr). The error 
function solution of the diffusion equation has been utilized for the determina- 
tion of the diffusion coefficients of these samples. The diffusion coefficients 
obtained from the simulations are tabulated for each annealing temperature and 
time period in Table 5.6. The error in the D(t) values is ± 30%. 

5.4.1 Dependence of D(t) on annealing time 

The diffusion coefficients of Pd in Fe^B^gSig (Table 5.6) evaluated for 

the annealing temperatures of 300°C, 350°C, 400°C and 450°C at various annealing 

durations are plotted in Figure 5.20 (a)-(d), respectively. Here also the solid 

circles indicate that crystallization has been observed by X-ray diffraction and 

Mossbauer studies for these data points. And the open circles represent the 

diffusion process in the amorphous phase of the metallic glass. The features of 

the plots at 300°C. 350°C and 400°C. are similar to that of Ge diffusion in this 

metallic glass (Sec. 5.2.1). As mentioned in Chapter 4, the metallic glass 

Fe^gBjgSig shows indication of crystallization at 450°C for t i 4 hr. However 

-22 

the data points of Figure 5.20 (d) . indicate a plateau value equal to 8.7*10 
m /s for the 450°C anneal, which is greater than the D p value obtained at 
400°C. This observation is indicative of the fact that the metallic glass has 
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Time (hr) 
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Time (*10 3 s) 

(a) 


Time (hr) 
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Time (*10 3 s) 


(c) 
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FIGURE 5.20 (*)“(d) Diagrams showing variation of the diffusion 
coefficient D(t) as a function of annealing tise t, for diffusion of Pd 
in Fe 7 g B 16 Sig. The vertical bars on the data points indicate error in the 
diffusion coefficient. The solid circles indicate that the 
crystallisation of the setallic glass is observed by us using X-ray and 
NOssbauer techniques for these data points. The solid line, drawn as a 
best visual fit to the data points, asymptotically approaches a plateau 
value (Dp) shown by the dashed line. 





450°C 400°C 350°C 300*C 



FtpiipF ^ ?1 Temperature dependence of diffusivity 
of Pd in metallic glass Fe^S^ (Arrhenius 
plot). The open circles indicate the plateau 
values (D ) obtained fro. the D(t) vs annealing 
tine diagrams (Figs. 5.20 (a),(b),(c))» and the 
solid line is a least square fitting to these 
data points. The values of Q and D Q obtained fro. 
the fit are also mentioned. The open square 
depicts the plateau value at 450°C, and is shown 
for the sake of comparison. 
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not yet crystallized at 450 C even after annealing for 16 hr. perhaps due to the 
presence of Pd in the diffused metallic glass sample. 


5.4.2 Dependence of D on annealing temperature 

The Arrhenius plot of D p versus 1/T for this system is shown in Figure 

5.21. The solid line is a least square fit to the data points for 300°G. 350°G 

and 400°C. The plateau value at 450°C is shown by the open square for the sake 

of comparison. The values of 0 and Dq obtained are 

0 = 0.46 ± 0.08 eV 
n _ q A +30 v - n -19 2, 

D 0 = 8 ‘ 4 - 6.6 10 “ I s 

with an error in Q being 18% and that in log(Dg) being 4%. 


5.5 Diffusion of Pd in metallic glass FE^gB^Sig 

The samples of the metallic glass Fe 7 gBjgSi g / Pd film, diffusion couples 
have been annealed at temperatures for time periods mentioned in Table 5.7. 

TABLE 5.7 


SAMPLE IDENTIFICATION FOR 

FE 78 B 13 S1 9 

mm 

Pd DIFFUSION COUPLES 

SAMPLE 

FILM (X) 

ANNEAL 


ANNEAL 

NUMBER 

THICKNESS 

TEMP(°C) 


TIME (hr) 

MG267/Pd 

220 

300 

1 , 

2, 4, 8, 12, 16 

MG268/Pd 

240 

350 

1 , 

2, 4, 8, 12, 16 

MG255/Pd 

190 

400 

1 , 

2, 4, 8, 12, 16 

MG256/Pd 

165 

450 

1 , 

2, 4, 8, 12, 16 


The RBS spectra of the sample annealed at 450°C (2 hr) and 400°C (12 hr) are 
shown in Figures 5.22 and 5.23 respectively. Some of the results of simulation 
are shown in Figures 5.24 and 5.25, while the diffusion data obtained from the 
simulations are reported in Table 5.8. 
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Channel 

Figure 5.22 Normalised EBS spectra of ^gB^Sig-Pd diffusion couple before 
and after annealing at 450°C for 2 hr and 8 hr respectively. The thickness of 
the as-evaporated film is 165 X. The arrow indicates the surface position. 
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Figure 5.23 Normalised RBS spectra of Fe 7 8 B i 3 Si 9 “ pd diffusion couple bef< 
and after annealing at 400°C for 12 hr. The thickness of the as-evapora' 
film is 190 X. The arrow indicates the surface position. 
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FIGURE 5.24 comparison of experimental (1.4 MeV He 4 
scattering angle 150°) and simulated BBS spectra to 
determine the D-value of Pd in Fe^gB^gSig at 450 C 
(1 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 
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FIGURE 5.25 Comparison of experimental (1.4 MeV He + , 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Pd in Fe^gB^gSig at 300 C 
(2 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 




TABLE 5.8 


THE D-VALUES FOR THE DIFFUSION OF 
Pd IN METALLIC GLASS Fe^B^Sig 


ANNEALING 

TEMP(°C) 

ANNEALING 
TIME (s) 

D(t). B^/s 

* 

300 

3600 

2. 30 v 10 -21 

300 

7200 

1.50*10“ 21 

300 

14400 

8.00*10~ 22 

300 

28800 

3.oono" 22 

300 

43200 

1. 70*10~ 22 

300 

57600 

1.50vl0~ 22 

350 

3600 

5.00*10 -21 

350 

7200 

1.70*10~ 21 

350 

14400 

9.00*10 -22 

350 

28800 

4. 50*10~ 22 

350 

43200 

2. 50 v 10~ 22 

350 

57600 

2 .oono“ 22 

400 

3600 

4.00 v 10~ 21 

400 

7200 

1. 50*10~ 21 

400 

14400 

9.50 v 10~ 22 

400 

28800 

5.00 v 10~ 22 

400 

43200 

3.50 v 10~ 22 

400 

57600 

3.20*10 

450 

3600 

5. 30 v 10~ 21 

450 

7200 

2.70*10~ 21 

450 

14400 

1.80*10~ 21 

450 

28800 

-99 

9.00*10 

450 

43200 

-99 

5 . 00*10 114 

450 

57600 

4. 50*10~ 22 


♦The error in D is ± 30% 
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5.5.1 Dependence of Dft) on annealing tiae 

The diffusion coefficients (see Table 5.8) obtained for the diffusion of Pd 
in Fe^gBjgSig are plotted as a function of annealing tine in Figures 5.26(a)-(d) 
for the isothermal annealing temperatures of 300°C, 350°C, 400°C and 450°C 

respectively. The features of these plots are: (i) the function D(t) falls by a 
factor of 10 to 20 (depending on the temperature of annealing) between t r 1 hr 
and t — 16 hr, (ii) for a given temperature, D(t) asymptotically approaches a 
plateau value D p shown by the horizontal dashed lines in Figures 5.26 (a)-(d), 
which represents the diffusion process in the ’relaxed’ amorphous state of the 
metallic glass. 


5.5.2 Dependence of D on annealing temperature 

The Arrhenius plot of D q values (obtained from Figures 5.26 (a)-(d)) versus 
1/T for this system is shown in Figure 5.27 and the straight line drawn therein 
is a least square fit to these data points. 

The activation energy 0 and pre-exponential factor Dp obtained are 

0 = 0.31 ± 0.02 eV 

_ + 2.6 in -20 2 , 

D„ = 6.9 , „ v 10 a / s 


0 


-1.9 


with an error in 0 being 6% and that in log(Dp) being 0.7%. Errors of the same 
order are generally reported in literature LSharaa et al. 1988, Hoshioo et al . 
1988, Horvath and Hehrer 1986, Cantor 1985 ] . 
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FIGURE 5.26 (a)-(d) Diagrams showing variation of the diffusion 
coefficient D(t) as a function of annealing tine t, for diffusion of Pd 
in Fe^gB^gSig. The vertical bars on the data points indicate error in the 
diffusion coefficient. The solid line, drawn as a best visual fit to the 
data points, asymptotically approaches a plateau value (D^) as shown by 
the dashed line. 
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FIGURE 5.27 Teaperature dependence of diffusivity 

of Pd in aetallic glass Pe 7g B 13 Si 9 (Arrhenius 

plot) . The open circles indicate the plateau 

values (D ) obtained froa the D(t) vs. annealing 
P 

tine diagraas (Figs. 5.26 (a) to (d)) # and the 
solid line is a least square fitting to these 
data points. The values of Q and D g obtained froa 
the fit are also aentioned. 
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5.6 Diffusion of Au in metallic glass FE^gB^gSig 

The diffusion couples of the metallic glass Fe^gBjgSig - Au film were 
annealed at the temperatures for the annealing durations mentioned in Table 5.9. 


TABLE 5,9 


SAMPLE IDENTIFICATION FOR FE^B^Sig - Au DIFFUSION COUPLES 


SAMPLE 

NUMBER 

FILM (£) 
THICKNESS 

ANNEAL 

TEMP(°C) 


ANNEAL 

TIME(hr) 


MG149/AU 

50 

300 


16 


MG180/AU 

130 

350 


8 


MG183/AU 

165 

400 

1 , 

2. 4, 8. 

16 

MG150/AU 

45 

450 

1 . 

00 

16 

MG181/AU 

140 

475 

1 . 

2, 4, 8, 

16 


The diffusion process for this system is illustrated in Figure 5.28. In this 
figure the as-evaporated spectrum of the same sample is shown along with the one 
obtained after annealing the sample at 350°C for 8 hr. The results of the 
simulations for this case is shown in Figure 5.29. All other spectra were 
analyzed in a similar manner to obtain the diffusion coefficients. The samples 
MG149/Au and MG150/Au were analyzed using the thin film solution of the 
diffusion equation as the film thickness in these were comparable to the 
diffusion length. The other samples MG180/Au. MG181/Au and MG183/Au were 
analyzed using the error function solution to the diffusion equation. The 
diffusion coefficients or D(t) values obtained from the simulations for each 
annealing temperature and time period are given in Table 5.10. 

5.6.1 Dependence of D(t) on annealing time 

The detailed diffusion study as a function of annealing time for diffusion 
of Au in Fe^gBjgSig was done at 400°C, 450°C and 475°C. The plots of D(t) versus 
anneal tine (t) for these temperatures are shown in Figures 5.30 (a)-(c) . The 


180 


in 

o 

o 


o 

cn 

6 


> 





in 

s x 

oo 


o 

cn 


l_ 


0 


c 

o 

Ld 

oo 


o 


f\ 

6 


o 

r^ 

o 


- o 
o 
o 
in 
co 

‘ H 

< 

m 

•H 

CO 

to 

rH 

« 

Oi 

b- 

G) 

fe 

55 

— M 

< 

fa 

o 

55 

O 

M 
* CO 
P 
fa 
fa 

M 

P 



tCi 

C 

cd 


•P 

o5 

O 

CO 


0) 

> 

o 


cd 

m 

•p 

o 

fl) 

a. 

CO 

CO 

ffl 

03 


o 

o 

LO 


«) 

M 

o 

*M 

0) 

•n 

0 

Hi 

a* 

s 

o 

o 


*0 

0 

05 

M 

O 

P 

05 

> 

m 

m 

«3 


o* 


* o 


♦ o 


o * 


0 * o 4 


b O * 


° 0* o 




o 

to 


pc 

cd 

> 

0) 

I 

tfi 


u 

43 

1 


a) 

o I 

■§ o 

SI 

o 


cd oa 



fl £ 
O X 
•H -P 

m 

4-< o 

•H 88 
T3 © 

_ ® 

< ^ 
B O 

40 -H 
*H jfi 
GO -p 
CO 

jr* m 
os £h 
0) 

fa ♦ 

%. 5 

o 

00 

o3 

S *< 
-p o 

O 

0 ^ 

m ° 
* O 

S 2 

8 00 

03 

T$ +3 

o is 

a 

ZJ *> 

m c 

s 3 
p as 
« 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


co 

m 

m- 

n 

CM 

*— 



ppjX pazipiujON 


o 

* c 

m S 

83 * 

- 0 

lO -P 
CM 

£4 « 

g* 

M-l C 
C*M 05 


c 

O 

•H 

<P 

*H 

BO 

O 

fa 

0 

o 

os 

M 

3 

03 

0 

43 

*P 

0 } 

0 

<P 

«0 

O 

•H 

T* 

C 


£ 

O 

M 

M 

05 

© 

43 


CX 

o 

CO 


03 

*H 

& 

r-i 



Normalized Yield 


Energy (MeV) 

0.6 0.7 0.8 o.g 



FIGURE 5.29 Coaparison Of experimental (1.0 MeV He + , 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Au in Fe^gB^gSig at 350°C 
(8 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 




TABLE 5.10 


THE D- VALUES FOR THE DIFFUSION OF 
Au IN METALLIC GLASS Fe^B^Sig 


Annealing 
Temp. (°C) 

Annealing 
Time (s) 

D(t), « 2 /s 

♦ 

300 

57600 

- 9 ? 

8.00*10 

350 

28800 

-22 

8.00 v 10 £ 

400 

3600 

4.00*10 -21 

400 

7200 

8.0Q*10 -22 

400 

14400 

6.50*10~ 22 

400 

28800 

4.00*10 -22 

400 

57600 

3.00*10 -22 

450 

3600 

-2D 

1.30*10 £U 

450 

14400 

3. 50*10~ 21 

450 

28800 

1.60*10“ 21 

450 

57600 

8.00*10 -22 

475 

3600 

6.00*10~ 21 

475 

7200 

4.00*10 -21 

475 

14400 

1.20*10 -21 

475 

28800 

7.00*10~ 22 

475 

57600 

3. 50*10~ 22 


*The error in D is ±30% 
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open circle data points indicate that the nature of the metallic glass was 
amorphous as observed by X-ray and Mbssbauer studies. On the other hand those 
data points shown as solid circles indicate the occurrence of crystallization. 
The D(t) values decrease bv factor of 10 to 20 (depending on the temperature of 
annealing) between t = 1 hr and t = 16 hr. As reported in literature, the D(t) 
values decrease as the metallic glass transforms from amorphous to crystalline 
phase. Thus the observation of low D(t) values at 400°C, as compared to the ones 
at 300°C and 350°C. implies that the metallic glass starts crystallizing at 
400 °C due to the presence of Au atoms in the host matrix. In other words the 
crystallization kinetics is probably changing due to the presence of Au atoms 
which influence the diffusion process. Although a plateau value is assigned in 
the D(t) vs t plot for 400°G, we are not certain that it definitely indicates 
diffusion in the amorphous state. 

5.6.2 Dependence of D on annealing temperature 

For this system the Arrhenius behaviour could be observed (see Figure 5.31) 
by choosing the diffusion coefficients obtained at lower annealing durations for 
higher temperatures and vice-versa. The D values obtained for annealing 
durations of 16 hr, 8 hr. 1 hr, and 1 hr at the annealing temperatures of 300°C, 
350°C, 400 °C. and 450°C respectively have been chosen for the D vs 1/T plot. As 
a matter of fact the Au diffusion does not show as clean a systematic behaviour 
as is observed for Ge and Pd at annealing temperatures £ 400°C. At present we 
cannot completely understand this anomalous behaviour of diffusion of Au in this 
metallic glass. As mentioned in the previous section, probably Au diffusion 
influences the crystallization kinetics more strongly and this in turn affects 
the diffusion process* 

The values of activation energy and pre-exponential factor obtained from 

i 


the fit are 
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Time (*10 3 s) Time (*10 3 s) 



Time (*10 3 s) 


(c) 


Figure 5.30 U)-(c) Diagrams showing variation of the diffusion 

coefficient D(t) as a function of annealing tine t, for diffusion of Au 


in Fe^gBjgSig. The vertical bars on the data points 
diffusion coefficient. The solid circles 


indicate error in the 
indicate that the 


crystallization of the metallic glass is observed by us using X-ray and 
Mossbaner techniques for these data points. The solid line* drawn as a 
best visual fit to the data points* asymptotically approaches a plateau 
value (Dp) shown by the dashed line (for 400 C). 





450*0 400"C 350°C 300°C 



FIGURE 5.31 Temperature dependence of dif fusivity 
of Au in metallic glass Fe^gBjgSig (Arrhenius 
plot). The solid line is a least square fitting 
to the data points at 300°C (16 hr), 350°C (8 
hr), 400°C (1 hr) and 450°C (1 hr), (see text 
Sec. 5.6.2). The values of Q and Dq obtained from 
the fit are also mentioned. 
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0 s 0.70 ± 0.20 eV 

D 0 * - 1*3 * 10 ' 16 ■*/• 

with an error in 0 being 28% and that in log(D 0 > being 10%. We assume, that the 

large errors observed in the 0 and D Q values have occurred due to the spread in 

the data points (in the D vs 1/T plot) at 300°C and 350°C. This spread may have 

occurred because of the following reasons; (i)at 300°C the D values have not 

attained the plateau values after 16 hr of annealing. It might occur at a later 

stage with the D value in that case being lower than the present value at 300°C 
P 

(16 hr). (ii)Partial crystallization may have commenced at 350°C (8 hr) due to 
the presence of the Au atoms. In that case a higher D value obtained at t < 8 hr 
might represent the relaxed amorphous state. In both the cases the data points 
would get closer to the solid line used in the fitting. Hence detailed 
measurements of D values at 300°C and 350°C along with the conversion electron 
Mossbauer spectroscopic measurements will help in confirming these facts. 


5.7 Diffusion of Au in metallic glass FEygB^Sig 

The diffusivity of Au in the metallic glass Fe 7g B 13 Si g was studied by 
isothermally annealing the diffusion couples at the temperatures and time 
periods mentioned in Table 5.11. 


TABLE5.il 


SAMPLE IDENTIFICATION FOR FE^B^Sig - Au DIFFUSION COUPLES 


SAMPLE 

NUMBER 

FILM (X) 
THICKNESS 

ANNEAL 

TEMP(°C) 

ANNEAL 

TIME(hr) 

MG148/AU 

55 

300 

16 

MG174/AU 

100 

350 

8 

MG177/AU 

170 

400 

1. 2, 4, 8, 16 

MG146/AU 

45 

450 

1, 2, 4, 8, 16 

MG175/AU 

110 

475 

1, 2, 4, 8, 16 
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TABLE 5.12 

the d- values foe the diffusion of 

Au IN METALLIC GLASS Fe^B^Sig 


ANNEALING 
TEMP. (°C) 

ANNEALING 
TIME (s) 

2 

D(t) * » /s 

* 

300 

57600 

-22 

7 . 80*10 

350 

28800 

8.50*10~ 22 

400 

3600 

5. 50*10~ 21 

400 

7200 

9. 50 v 10 _22 

400 

14400 

8. 50 v 10 _22 

400 

28800 

5. 50 v 10~ 22 

400 

57600 

4.00*10~ 22 

450 

3600 

1.60 v 10~ 20 

450 

7200 

8.00^10 -21 

450 

14400 

4.00 y, 10 -21 

450 

28800 

2.20 v 10~ 21 

450 

57600 

1.50*10 -21 

475 

3600 

7. 50 v 10~ 21 

475 

7200 

2.00*10~ 21 

475 

14400 

9.50 v 10~ 22 

475 

28800 

-22 

8.00*10 

475 

57600 

2.50*10~ 22 


* The error in D is ±30% 
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The RBS spectra of the as-evaporated sanple MG174/Au and that obtained after 
annealing at 350°C (8 hr) is shown in Figure 5.32. The simulated and the experi- 
mental spectrum for the same sample and for the same annealing parameters is 
shown in Figure 5.33. The samples MG146/Au and MG148/Au were analyzed using the 
thin film solution of the diffusion equation as the film thickness in these were 
comparable to the diffusion lengths. The other samples MG174/Au, MG175/AU and 
MG177/Au were analyzed using the error function solution to the diffusion 
equation. The diffusion coefficients obtained from these simulations are given 
in Table 5.12. 

5.7.1 Dependence of D(t) on annealing time 

The D(t ) values obtained for the metallic glass Fe„ n B., *Si r -Au diffusion 
couple for the isothermal annealing temperatures of 400°C, 450°C and 475°C have 
been plotted against the annealing duration (t) and are shown in Figures 5.34 
(a), (b) and (c). The D(t) values decrease by factor of 10 to 30 (depending on 
the temperature of annealing) between t = 1 hr and t = 16 hr. For the annealing 
temperature of 400°C. D(t) asymptotically approaches a plateau value D(t) = D 

P 

shown by the horizontal dashed line in Figure 5.34 (a). The D value at 400°C is 

P 

less than the D(t) value for the largest annealing time at 300°C and 350°C. 
suggesting onset of crystallization in this metallic glass at 400°C. rather than 
at 450°C for t > 16 hr or at 475°C for t > 1 hr. as indicated by the X-ray 
diffraction and MOssbauer results (Chapter 4). The data points which represent 
diffusion in the amorphous phase of the host metallic glass are shown as open j 
circles (Figures 5.30 (a) and (b)). On the other hand the data points I 
representing diffusion in the crystalline phase (as per results of Chapter 4) ! 
are shown as solid circles in Figure 5.34 (c). 



D(t), m 2 / s 




(c) 

FIGURE 5.34 (*)-(c) Diagrams showing variation of the diffusion 
coefficient D(t) as a function of annealing tine t, for diffusion of Au ; 
in Fe^gBjgSig. The vertical bars on the data points indicate error in the j 
diffusion coefficients. The solid circles indicate that the 

crystallization of the netallic glass is observed by us using X-ray and | 
Mossbauer techniques for these data points. The solid line, drawn as a 
best visual fit to the data points, asymptotically approaches a plateau | 
value (Dp) shown by the dashed line (for 400°C, see text). | 




45 OC 400 C 350"C 300°C 


Diffusion of Au in FeTsBisSig 

Q = 0.77 ± 0.20 «V 


loyr (k" 1 } 

Figure 5.35 Temperature dependence of diffusivitv 

of Au in metallic glass FejgBjgSig (Arrhenius 
plot). The solid line is a least square fitting 
to the data points at 300°C (16 hr), 350°C (8 
hr), 400°C (1 hr) and 450°C (1 hr), (see text 
Sec. 5.7.2). The values of Q and D Q obtained from 
the fit are also aentioned. 
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5.7.2 Dependence of D on annealing temperature 

The temperature dependence of the D(t) values for the diffusion of Au in 

Fe 78 B 13 Si 9 is shown in Fi ? ure 5.35. Similar to that of Au diffusion in 

Fe„ ft B, _Si c , here also the Arrhenius behaviour is observed if the D(t) values at 
79 1b & 

300°C (16 hr). 350°C (8 hr). 400°C (1 hr) and 450°C (1 hr) are utilized, and the 
straight line drawn therein is a least square fit to these data points. A 
comparative discussion of the anamolous diffusion behaviour at 400°C and 450°C 
for this diffusion couple is presented in Sec. 5.12. The activation energy 0 and 
pre-exponential factor Dq obtained from the fit (of Figure 5.35) are: 


0 = 0.77 ± 0.20 eV 
®0 * 2 - 8 -1?7 * ltf15 ■*/• 

with an error in Q being 26% and that in log(Dg) being 11%. The large errors 
obtained for the 0 and Dq values is due to the spread in the data at 350°C and 
300°C (see Figure 5.35) about the fitted solid line. 


5.8 Diffusion of Ag in metallic glass ^gB^Sig 

The metallic glass/Ag diffusion couple (or sample) was annealed at 350°C 
for durations given in Table 5.13. 


TABLE 5.13 

SAMPLE IDENTIFICATION FOR Fe^B^Sig- Ag DIFFUSION COUPLE 


SAMPLE 

FILM (8) 

ANNEAL 

ANNEAL 

NUMBER 

THICKNESS 

TEMP(°C) 

TIME(hr) 

MG102/Ag 

230 

350 

1. 4, 8, 16 


The RBS spectra of this couple for the as-evaporated case as well as after 
annealing for 8 hr, is depicted in Figure 5.36. The simulations of these RBS 
spectra were done by using the error function solution to the diffusion equation 
and a particular case of simulation is shown in Figure 5.37. The results of the 
diffusion analysis for the annealing durations are shown in Table 5,14. 





Normalized Yield 


Energy (MeV) 



Channel 


FIGURE 5.37 Comparison of experimental ( 1.0 MeV He + . 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Ag in Fe^gB^gSig at 350°C 
(8 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 




19 < 


TABLE 5.14 

D values for Ag in Fe^g B 16 Si 5 


Annealing 

Temp. (°C) Time(s) 

Dft). a /a 

* 

350 1 

-21 

8. 00*10 

4 

3.20*10' 21 

8 

1.75*10” 21 

16 

i.oo*io -21 


* The error in D is ± 30% 


5.8.1 Dependence of D(t) on annealing time 

The diffusion coefficients of Ag in Fe^gBjgSig obtained at 350°C for 
various annealing periods is plotted in Figure 5.38. These data points 
representing diffusion in the amorphous phase of the host metallic glass are 
shown as open circles. The result in Figure 5.38 shows that D(t) falls by a 


Time (hr) 



Time (*10 3 s) 

Figure 5.38 Diagram showing variation of the diffusion coefficient D(t) 
as a function of annealing time t, at 350°C, for diffusion of Ag in 

Fe 79 B 16 Si 5‘ The vertical bars on the data points indicate error in the 
diffusion coefficient. The solid line, drawn as a best visual fit to the 

data points, asymptotically approaches a plateau value (D ) shown by the 
dashed line. B 
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factor of 8 between t = 1 hr and t = 16 hr. The D(t) vs. t curve asymptotically 

approaches a plateau value D (as shown by the horizontal dashed line D(t) = D ) 

P P 

representing diffusion in the ’relaxed’ amorphous phase of the metallic glass. 

5.9 Diffusion of Ag in metallic glass FE7gB|3Sig 

Diffusion couples made from the metallic glass Fe^gB^gSig and Ag film were 
annealed at 350°C for the various durations mentioned in Table 5.15 below. 


TABLE 5.15 


SAMPLE IDENTIFICATION FOE Fe 78 B i3 Si 9~ Ag DIFFUSION COUPLE 


SAMPLE 

FILM (8) 

ANNEAL 

ANNEAL 

NUMBER 

THICKNESS 

TEMPI °C) 

TIME (hr) 

MG104/Ag 

220 

350 

1. 4. 8, 16 


The RBS spectrum of the as-evaporated sample and that obtained on annealing are 
shown overlapped in Figure 5.39. The experimental spectra were simulated to 
determine the diffusion coefficient after each annealing time period. The error 
function solution of the diffusion equation was used for the same. A simulated 
spectrum along with its experimental counterpart are shown in Figure 5.40. The 
D(t) values obtained from the simulations of the experimental spectra are given 
in Table 5.16 below. 


TABLE 5.16 

D values for Ag in Fe^gB^gSig 


Annealing 
Temp.(°C) Time(s) 

D(t)t m^/s 

350 1 

1.00e-20 

4 

5.00e-21 

8 

2.50e-21 

16 

1.20e-21 


* The error in D is ±30% 
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Figure 5.40 Comparison of experimental (1.0MeVHe + , 
scattering angle 150°) and simulated RBS spectra to 
determine the D-value of Ag in Fe^B^Sig at 350°C 
(8 hr). The simulation was performed using the error 
function solution of the diffusion equation (refer 
section 1.4.3). 


500 




200 



Figure 5.41 Viagra* showing variation of the diffusion coefficient D(t) 
as a function of annealing time t, at 350°C, for diffusion of Ag in 
Pe 7g B 13 Si 9 . The vertical bars on the data points indicate error in the 
diffusion coefficient. The solid line, is drawn as a best visual fit to 
the data points, asymptotically approaches a plateau value (D p ) shown by 
the dashed line. 


5.9.1 Dependence of D(t) on annealing time 

The D(t) values obtained at 350°C for diffusion of Ag in Fe^gB^gSig. have 
been plotted in Figure 5.41 against the annealing tine period (t). It is observ- 
ed that D(t) falls by a factor of 10 between t = 1 hr and t = 16 hr. The D(t) 
versus t curve drawn as a best visual fit asymptotically approaches a plateau 
value D(t) = D p which is indicated by a horizontal dashed line in the figure. 
Similar behaviour has been observed in the diffusing couples mentioned in the 
earlier sections and it has been attributed to the process of structural 
relaxation in the amorphous host material. 
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5.10 Diffusion of Pd in metallic glass FE4gNi3gBigMo4 

The diffusion couples of the metallic glass Fe^gNiggB^gMo^ / Pd film, were 
annealed at temperatures and time periods mentioned in Table 5.17. 

TABLE 5.17 

SAMPLE IDENTIFICATION FOR FE 4 0 Ni 38 B 18 M °4~ Pd DIFFUSION COUPLE 


SAMPLE 

NUMBER 

FILM (X) 
THICKNESS 

ANNEAL 

TEMP(°C) 


ANNEAL 

TIME(hr) 

MB278/Pd 

250 

300 

1, 2, 

4, 8. 12.. 16 

MB277/Pd 

200 

350 

1. 2 , 

4. 8, 12. 16 

MB259/Pd 

250 

400 

1. 2, 

4, 8. 12. 16 

MB260/Pd 

230 

450 

1, 2. 

4, 8, 12. 16 


The tine dependence of the diffusion process at 450°C and 400°C is illustrated 
by the RBS spectra of the samples before and after annealing in the Figures 5.42 
and 5.43. The diffusion occurring at the interface is clearly observed in the 
figures by (i) the decrease in the fil* height: (ii) signals from Pd being 
observed at lower energies and (iii) increase in the FWHM of the film. 
Simulations of the RBS spectra are illustrated in Figures 5.44 and 5.45 for a 
few cases. The error function solution of the diffusion equation was utilized to 
obtain the D values in this system and these are mentioned in Table 5.18. 

5.10.1 Dependence of D(t) on annealing tine 

The diffusion coefficients obtained for the diffusion of Pd in 
Fe^gNiggB^gMo^ evaluated at various annealing periods for the annealing 
temperatures of 300°C. 350°C, 400°C and 450°C are plotted in Figure 5.46 
(a)-(d), respectively. These figures depict the changes occurring in the D(t) 
values as a function of annealing tine (t). For a given temperature T, D(t) 
decreases to an almost flat plateau at large t. This trend is similar to that 
observed earlier for diffusion in the Fe-B-Si alloys. 
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Energy (MeV) 
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FIGURE 5.44 Comparison of experimental (1.4 MeV He . 
scattering angle 150°) and simulated BBS spectra to 

determine the D-value of Pd in ^ e 40^*38®18^°4 at 
450 °C C 2 hr). The simulation was performed using 
the error function solution of the diffusion 
equation (refer section 1.4.3). 
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Energy (MeV) 

1.00 1.05 1.10 1.15 1.20 



FIGURE 5.45 Comparison of experimental (1.4 MeV He + , 

scattering angle 150°) and simulated RBS spectra 

to determine the D-value of Pd in Fe. n Ni 0 _B. 10 Mo J1 
0 40 38 18 4 

at 400 C (1 hr). The simulation was performed 
using the error function solution of the diffusion 
equation (refer section 1.4.3). 




TABLE 5.18 


THE D- VALUES FOB THE DIFFUSION OF 
Pd IN METALLIC GLASS Fe^Nig^ g Mo 4 


ANNEALING 
TEMP (°C) 

ANNEALING 
TIME (s) 

D(t). m 2 /s 

* 

300 

3600 

2.30*10~ 21 

300 

7200 

-91 

1. 50*10 

300 

14400 

8.00*10 -22 

300 

28800 

3. 00*10~ 22 

300 

43200 

i. 50*10~ 22 

300 

57600 

-99 

1.00*10 

350 

3600 

3.00*10~ 21 

350 

7200 

6. 50*10~ 22 

350 

14400 

6.50*10~ 22 

350 

28800 

—99 

5.00*10 

350 

43200 

1.80*10 -22 

350 

57600 

-99 

2.00*10 

400 

7200 

1.20*10 -20 

400 

14400 

7.00*10~ 21 

400 

28800 

4.00*10” 21 

400 

43200 

3.20*10~ 21 

400 

57600 

2. 30*10~ 21 

450 

3600 

4. 50*10 -20 

450 

7200 

2.50*10~ 20 

450 

14400 

2.00*10" 20 

450 

28800 

9.50*10' 21 

450 

43200 

7.00*10' 21 

450 

57600 

7.00*10~ 21 


* The error in D is ±30% 



207 


We consider these curves as best visual fits to the data points taking into 

account the error bars on the D(t) values. The results in Figure 5.46 show that 

D(t) falls by factor of 5 to 20 (depending on the temperature of annealing) 

between t “ 1 hr and t — 16 hr. The asymptotic decrease in D(t) to a plateau 

value D at 300°C for 1 S t S 16 hr and at 350°C for t s 4 hr, has been 
P 

attributed to the structural relaxation in the amorphous host material. The 
plateau values have been indicated in Figures 5.46 (a) and (b) by the horizontal 
dashed lines D(t) = D^. These values represent the diffusion process in the 
’relaxed* amorphous phase of the metallic glass. For 350°C (Figure 5.46(b)), the 
decrease in D(t) at t > 8 hr has been attributed to the effect of crystalliza- 
tion in the alloy. Similar behaviour of D(t) has been reported by Pfahler and 
co-workers [Pfahler et al. 1985 ] for the tracer diffusion of Fe in 

Fe..,Ni.. 1 B, „. These authors have reported a crystallization temperature of 370°C 
41 41 Its 

for this metallic glass, and the sudden drop observed at 340°C (25 hr) has been 
attributed to the crystallization of the metallic glass. It is known from the 
literature [ Goodfellow metals catalogue 1990/91 ] that the crystallization 
temperature of Fe^gNiggB^gMo^ metallic glass is 410°C. We, therefore, assumed 
that the diffusion coefficients obtained by us for samples annealed at 400°C for 
t > 1 hr and 450°C for 1 hr S t s 16 hr obviously do not represent diffusion in 
the amorphous phase of the host metallic glass. These data points are shown as 
solid circles in Figures 5.46 (c) and (d). On the other hand the data points 
which represent diffusion in the amorphous phase of the host metallic glass are 
shown as open circles. 

5.10.2 Dependence of D on annealing temperature 

The temperature dependence of the D(t) values for the diffusion of Pd in 
Fe^gNiggB 1 gMo^ has been plotted in Figure 5.47 against the inverse of the 
annealing temperature T. In the figure the open circles refer to the plateau 
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FIGURE 5.46 (a)-(d) Di&grans showing variation of the diffusion 
coefficient D(t) as a function of annealing time t, for diffusion of Pd 


in Fe 40 Ni 3g B 18 Mo 4 . 


The vertical bars on the data points indicate error in 


the diffusion coefficient. The solid circles indicate crystallization of 


the setallic glass for these data points. The solid line, drawn as a best 

visual fit to the data points, asymptotically approaches (for 300°C and 

350°C) a plateau value (D ) shown by the dashed line. 

P 


Li ml 






450*0 400°C 350"C 300"C 



FIGURE 5.47 Temperature dependence of diffusivity 
of Pd in metallic glass Pe^pNijgBjgMo^ (Arrhenius 
plot). The open circles indicate the plateau 
values (Dp) obtained from the D(t) vs. annealing 
tine diagrams (Figs. 5.46 (a),(b)), and the solid 
line is a least square fitting to these data 
points along* ith the D(t) value at 400°C (1 hr). 
The values of Q and Dq obtained from the fit are 
also mentioned. The solid square indicates the 
D(t) value at 450°C (1 hr) which represents 

diffusion in crystallized Fe^NiggB^gMo^. 
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values corresponding to the diffusion in the relaxed state, and the open 
triangle corresponds to the D(t) value at 400°C (1 hr) which represents 
diffusion in the anorphous state of the setallic glass (see Sec. 5.10.1). The 
straight line drawn therein is a least square fit to these data points. The D(t) 
value at 450°C for t = 1 hr. representing diffusion in crystallized sample of 
Fe. n Ni 00 B, 0 Mo. is also shown in the figure (by closed square symbol) for the 
sake of comparison, but it has not been used for the fitting. 


The values of Q and Dq obtained from the least square fit to the data are 

0 = 1.57 ± 0.37 eV 

n , .+5700 v in -9 2/ 

D 0 “ 5,1 -5.0 10 * ' 8 

with an error in 0 being 24% and that in log(D^) being 37%. The large errors in 


the 0 and Dq values is most probably due to the spread in the data of Figure 
5.47. about the fitted line. 


5.11 Time dependence of diffusivity and relaxation 

The plots of D(t) versus annealing time indicate interesting features where 

the diffusion coefficient values decrease by a factor of 5 to 10 during the 

first few hours of isothermal annealing. As a matter of fact, in most of the 

previously reported diffusion data on metallic glasses such dependence of the 

diffusion coefficient values on the annealing duration had not been considered 

except in the case of diffusion of B in amorphous metallic glass N^Nb^gg 

59 57 99 

fAi.7e.fr 1982 1, and more recently that of the diffusion of Fe, Co. Zr in 
amorphous Fe-B and Fe-Zr metallic glasses [Horvath et al . 1988]. 

In the present work the time dependence of the D(t) values has been 
observed for all the amorphous metallic glass / metal or metalloid diffusion 
couples undertaken for diffusion studies. The D(t) values obtained in each case 
are tabulated in the earlier sections in the Tables 5.2, 5.4, 5.6, 5.8, 5.10, 
5.12, 5.14, 5.16 and 5.18; and the results of the time dependence of the 



211 


D(t)-values are depicted earlier in Figures 5.7, 5.14, 5.20, 5.26, 5.30, 5.34, 
5.38, 5.41 and 5.46. Following the arguments given by Frank et al. 11988] and 
Mehrer and Dorner [1989] such decrease in the D(t) values as a function of 
annealing tine (t), towards a plateau value can be attributed to the effect 
of structural relaxation occurring in the metallic glass saaples. 

The effect of structural relaxation has also been shown to occur in the 
volume density [Komatsu et al. 1986a ] and electrical resistivity [Komatsu et al. 
1986b] measurements. The measurements on volume density have shown that 
structural relaxation always leads to an increase in the volume density. In 
general the structural relaxation can be considered as occurring due to (i) 
higher Gibb’s free energy of the quenched alloy [Mehrer and Dorner 1989] and 
(ii) the presence of excess free volume [Frank et al. 1988] which lead to the 
decrease of the diffusion coefficient. Structural relaxation of the viscosity of 
metallic glasses has been reported by Tsao and Spaepen [1984], 

During relaxation, units of free volume which Horvath and collaborators 
have termed as "quasi-vacancies", disappear via thermally activated migration. 
According to these authors the enhancement in the diffusivity ($D) during relax- 
ation is due to an indirect diffusion of the diffusing species via "quasi- 
vacancies", and can be expressed by the relation 

SD = f D $C (5.2) 

V V V 

where f is a correlation factor. D is the diffusivity and $C is the concen- 
v v v 

tration of the quasi-vacancies and are expressed as 

h" 

”v * D vo exp r if i 

6C = 6C exp f— 7 -) 
v vo v X J 

V 

where is the pre-exponential factor for diffusivity, H* is the quasi-vacancy 

migration enthalpy, and 6c is the concentration of the "defects" in the as- 

vo 

quenched state. T is the relaxation time and can be expressed as a function of 


(5.3) 

(5.4) 
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the quasi-vacancy migration enthalpy i.e., 



(5.5) 


Based on the above formalism, we have analyzed our data of D(t) versus 


annealing time, obtained from the measurements of the diffusion of Ge in 
Fe^gBjgSig. The D(t) vs t diagrams for this diffusion couple is shown here again 
in Figure 5.48(i), with the arrows indicating the completion of the relaxation 
process. We have chosen the relaxation time X for the annealing temperatures of 
300°C, 350°C and 400°C, as that time where the smooth curve (drawn between the 
data points) reaches to 20% of the plateau value On the other hand for 450°C 
we have chosen T as the lowest annealing duration employed in our studies, i.e.. 

1 hr. The choice of the condition that D(t) approaches to within 20% of for 
relaxation to be over, is somewhat arbitrary. Since there is no definite 
criterion given in the literature for choosing the relaxation time, and that the 
D values in the present study show ±30% error, we decided to choose this 
condition for the present analysis. The plot of X vs 1/T obtained for the 


diffusion of Ge in Fe 7 gBjgSigis shown in Figure 5.48(ii). The lower limit of the 


bar on the data points indicate that the D(t) values approach to within 30% of 


the D p value, while the upper limit indicates that the D(t) values approach to 
within 10% of the plateau value. A least-square fit to these data points, gives 


the following equation in T: 

t = 6. 43*10 -01 exp(6. 36/T) 

The quasi-vacancy migration enthalpy H v and the pre-exponential factor T 
obtained from this equation are: 

H® = 0.55 eV 

V 

T = 6. 43 v 10~ 01 s 
vo 

Frank et &1. \ 1988 1 have given an estimate of these values for Fe. n Ni. ft B on i.e., 

4U 40 20 

H* s 1 eV, and T vo e 10 s, but the details of the analysis are not reported. 




0) 




O 



(c) (d) 

FIGURE 5.48(i)» ((a)-(d)) Diagrams showing variation of the diffusion 
coefficient D(t) as a function of annealing time t, for diffusion of Ge 
in Fe^gBjgSig. The vertical bars on the data points indicate error in the 
diffusion coefficient. The solid circles indicate that crystallization of 
the metallic glass is observed by us using X-ray and MOsBbauer techniques 
for these data points. The solid line, drawn as a best visual fit to the 
data points, asymptotically approaches a plateau value (D p ) shown by the 
dashed line (except for 450°C). The arrows indicate the annealing time 
(t) at which the D(t) value approaches to within 20% of the plateau 'value. 
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FIGURE 5 . 48 ( ii ) Diagram showing the variation of the 

relaxation tiae T with respect to the inverse of the 

annealing temperature for the diffusion of Ge in the 

■etallic glass Fe^BjgSig. The value of r for 300°C. 350°C 

and 400°C is obtained fros the Dft) vs. annealing tiae 

diagrams shown in Figs. 5.48(i). The value of T is that 

annealing duration for which the D(t) value approaches to 

within 20% of the plateau value D in each case. The lower 

P 

end of the vertical bars on the data points indicate the 

annealing duration at which the D(t) approaches to within 

30% of the D value and the upper end indicates the 
P 

annealing duration at which the D(t) approaches to within 

10% of D . For 450°C the value of T is taken as 1 hr (lowest 
P 

annealing duration). The least square fitting to the data 
points gives an activation energy equal to 0.55 eV and a 
pre-exponential factor of value 0.64 s. 
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The excess quasi-vacancies can either diffuse towards the surface of the 
specimen or agglomerate and annihilate inside the specimen. On this basis one 
can infer that diffusion in the early stages of heat treatment is dominated by 
an elimination of "quasi-vacancy". 

Greer [1984] and Adda et al. [1987] have compared the relaxation effect 
derived from viscosity vs annealing time (t) and diffusion vs t measurements, in 
the same metallic glass system. The comparison indicates that as a function of 
time the viscosity increases while the diffusivity decreases. Thus the variation 
of the reciprocal of the viscosity as a function of annealing time may be 
related with the diffusion process. Adda et al. [ 1987] have reported that while 
the diffusion coefficient becomes constant after 100 hr. the viscosity 
measurements show gradual change even after 300 hr. In the present case, we have 
utilized the viscosity versus annealing time measurements at 475°C and 375°C, by 
Bhatti and Cantor [1988 ] , for the metallic glass Fe^gB^gSig, and are plotted in 
Figure 5.49(a). This plot may be compared with the diffusion data for the same 
metallic glass at similar temperatures as plotted in Figure 5.49(b). The D(t) 
values at 400°C attain a plateau value after approximately 8 hr and those at 
475°C show a trend of attaining a constant value above 16 hr. On the other hand 
the viscosity measurements indicate a rapid increasing trend at 375°C (above 12 
hr) as well as 475°C (above 2 hr). 

5.12 Temperature dependence of Diffusivity 

The temperature dependence of the diffusion coefficients of the diffusing 
species Au, Ge and Pd in the two Fe-B-Si and in the Fe-Ni-B-Mo metallic glasses 
are summarized in Table 5.19, below. The value of Dq has been expressed in two 
different forms for convenience. The Arrhenius type of diffusion behaviour 
observed for the metallic glasses indicate that the diffusion is limited by a 
single activation barrier over the temperature range investigated. The 
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FIGURE 5 . 49 Comparison of varintion in viscosity (TJ) and 
diffusivity (D) »ith respect to the dealing deration. 

(a) Viscosity plot of Fe^Si, [ Shaft! and Cantor ISM), 

(b) Diffnsivity plot of G« in Fe^Si [present study). 
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TABLE 5.19 

VALUES OF ACTIVATION ENERGY k PRE-EXPONENTIAL FACTOR FOR 

DIFFUSION OF VARIOUS SPECIES IN THE METALLIC GLASSES 

Metallic Diffusing 0 , 2 , . Temperature 

glass species (eV) 0 range 


Fe 79 B 16 Sl 5 


Pd 


Ge 


Au 


0.46 ± 0.08 


_29 

8 * 4 -*.e * 10 

^ jq-18. 08 ± 0.66^ 

+15 


0.56 ± 0.05 9.1 c _ * 10 

-o . i 


(10 


-18 

-17.04 ± 0.43-1 


+240 

0.70 ± 0.20 6.8 . c v io 

“O ♦ D 


-16 


300°C-400°C 


300°C-400°C 


300°C-400°C 


ri0 -15.17 ± 1.55^ 


Fe 78 B 13 Si 9 


Pd 


Ge 


Au 


+ 2.6 

0.31 ± 0.02 6.9_ 1 9 ^ io 


-20 


, 10 -19.16 ± 0.14^ 


+110 

0.62 ± 0.18 3.8_ 3 ? * 10 


-17 


£ 10 -16.42 ± 1.48-j 


+99 

0.77 ± 0.20 2.8_ 2 ? ^ 10 


-15 


300°C-450°C 


300°C-400°C 


300°C-400°C 


£l0“14*55 £ 1 * 56 ^ 


Fe 40 Nl 38 B 18 Mo 4 Pd 


+5700 

1.57 ± 0.37 5.1 1 * io 

-o.l 


-9 


300°C-400°C 


£ 1q -8.29 ± 3.04^ 


notes: a. Plateau values used for the Arrhenius plot. 

b. D(t) values at 300°C (16 hr). 350°C (8hr), 400°C (1 hr) and 
450°C (1 hr) used for fitting. 

c. For 400 C, D(t) value at t=l hr was used for Arrhenius plot. 


activation energies of the diffusing species in the Fe-B-Si metallic glasses 
have similar values (within errors), which indicate that these species have to 
overcome similar energy barriers in these alloys, for the diffusion process. The 
diffusion coefficients obtained for Au diffusion in the Fe-B-Si metallic glass 
and those obtained from literature for Fe-B glasses is plotted in Figure 5.50. 
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Figure 5.50 Normalized 1/T dependence of diffusivity of Au 

in Fe-B (from literature, refer Table 1.3), and Fe-B-Si 
amorphous alloys. (T^ is the crystallization temperature 
is the metallic glasses). The slope changes with the 
addition of Si to the Fe-B alloys. 
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It appears from the plot that the activation energy reduces with the addition 
of silicon to the Fe-B system. 

As mentioned under the relevant subsections above, we have used the D 

p 

values obtained at 300°C, 350°C and 400°C in order to infer the Arrhenius 

behaviour of diffusion of Pd and Ge in Fe^gBjgSig and Fe 7 gBjgSig. The plateau 

values could not be assigned for Fe^gBjgSig because the present X-ray 

diffraction and Mossbauer spectroscopy studies indicate crystallization at this 

temperature for the annealing time t > 4 hr. For Fe^gB^gSig the crystallization 

has been observed at 450°C for t > 16 hr. However the D(t) vs t diagrams for 

these metallic glasses for Ge showed reduction in the D(t) values at 450°C 

compared to the plateau values at 400 °C. If we consider this decrease in the 

diffusion coefficients at 450°C as a result of the process of crystallization. 

then we can infer that the crystallization of Fe^B^gSi,. and Fe^B^gSig in the 

presence of Ge is taking place at 450°C at annealing durations much lower than 

that obtained from X-ray diffraction and Mossbauer studies. Thus the presence of 

Ge is probably enhancing the process of crystallization in Fe„ r> B. t _Si_ and 

/» lb o 

Fe 78 B 13 Si g . Similar observations of D(t) vs t diagrams for the Pd diffusion 
(Figures 5.20 and 5.26) indicate that the crystallization process of these 
metallic glasses is inhibited by the presence of Pd. We suspect that the 
kinetics of crystallization is affected by the presence of the impurities, which 
in turn affects the diffusion process, and hence the diffusion coefficient. This 
probably is the reason due to which we cannot obtain Arrhenius behaviour in case 
of diffusion of Au in Fe^gBjgSig and Fe 7 gBjgSig using the plateau values of 
diffusion coefficients. However, at present, we cannot furnish a direct 
experimental evidence which can show the effect of impurity on the 
crystallization process in metallic glass because the X-ray and Mossbauer 
spectroscopy techniques presently utilized to study the kinetics of 


crystallization measures the bulk of the sample, while the impurity-affected 
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crystallization will be limited to the first few hundred to thousand angstrom of 
the surface. In order to observe this effect, surface sensitive techniques like 
transmission electron microscopy (TEM), conversion electron Mossbauer 
spectroscopy (CEMS) or glancing angle X-ray diffraction should be used. We plan 
to undertake the GEMS studies of the metallic glass - metal diffusion couples in 
future to confirm the effect of impurity on the kinetics of crystallization on 
these metallic glasses. 

5.13 Diffusion during early stages of relaxation 
(Comparison with radiation-enhanced diffusion) 

The Arrhenius behaviour of diffusion for the various species has been shown 
in section 5.12, where the D-values representing the relaxed amorphous structure 
(when the D-values levels off as a function of time) were used. In Figure 5.51 
(a) and Figures 5.51 (c)to (h) the diffusion coefficients belonging to the 
unrelaxed amorphous structure (i.e., the diffusion coefficients belonging to the 
initial region of D vs time plots of Figures 5.7, 5.14, 5.20, 5.26, 5.30, 5.34 
and 5.46) are plotted as dotted lines along with the Arrhenius behaviour shown 
by the solid line, for diffusion of Ge, Pd and Au in the Fe-B-Si metallic 
glasses and of Pd in the Fe-Ni-B-Mo metallic glass. 

The immediately noticeable feature of these plots is that the diffusion 
coefficients are almost independent of temperature for the unrelaxed amorphous 
state, as represented by the nearly zero value for the activation energy. There 
is a striking similarity between these D vs 1/T plots of the unrelaxed amorphous 
state of the alloys with that of the radiation enhanced diffusion (RED) observed 
in crystalline solids. The data reported by De&rn&ley [1982] showing the RED of 
Si in Fe has been reproduced in Figure 5.51(b). Here the solid line indicates 
thermal-diffusion, while the dashed line indicates diffusion of Si in Fe occurr- 
ing under ion bombardment with 300 keV Ar + ions at various temperatures. Thus 
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under irradiation the diffusion coefficient is seen to be independent of temper- 
ature. This is the first time that such a similarity is being pointed out 
between RED and diffusion during relaxation in metallic glasses. When we 
analyzed the D vs 1/T plots reported in literature for diffusion of Fe and P in 
amorphous Fe 4Q Ni 40 B 20 Horvath et al. 1985], and that for B in Nig g g Nb 40 g 
[ Ki.jek 1982], in the above mentioned wav, the plots showed similar features with 
zero activation energy. 

The absence of a temperature dependence of diffusion* coefficient in RED has 
been explained by Dearnaley [19821, in the following way. During ion-irradiation 
there is a continuous generation of defects in the near surface region. These 
defects get annihilated at fixed sinks giving rise to the observed enhanced 
diffusion. In other words, the excess defects are responsible for the enhanced 
diffusion. In the case of amorphous metallic glasses there is an already 
existing excess free volume which gets eliminated (analogous to defect 
annihilation) during relaxation giving rise to the excess diffusivitv. This 
comparison indicates a possible similarity in the diffusion mechanism occurring 
during irradiation of a crystalline material with the diffusion mechanism in the 
amorphous alloys during initial stages of relaxation. 

5.14 Correlations 

It has been demonstrated that various properties of the metallic glasses 
and the diffusing species can be correlated with that of the diffusion 
parameters such as D, Q and D g . The search of correlations in the diffusion data 
in different metallic glasses is done broadly in the following ways: 

(i) scaling of the diffusion data of the various species to the metallic 
glass transition temperature T or the crystallization onset temperature T ; 

V X 

(ii) studying the dependence of diffusion coefficient D and activation 
energy Q on the radii of the diffusing species: 
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FIGURE 5.52 Correlation between diffusivity (at 600 K. 
calculated from the Arrhenius plot), and atomic radii 
of the diffusing species in Fe-B and Fe-B-Si metallic 
glasses. The lines have been drawn to guide the eye. 
Note that the radius dependence of diffusivity is 
similar to the one observed in crystalline Fe and Cu 
(as shown in Figure 5.53(a) and (b)). 
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Figure 5.53(a) variation of diffusivity with the atomic radii of the 

diffusing species in crystalline Cu \ after Hood. 19781. 



FlGURE 5.53(^) Variation of diffusivity with the atomic radii of the 
diffusing species in crystalline ot-Fe f after Askill 1979 ] . 
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the diffusion coefficient on the radius of the diffusing species shows 
distinctly different trends in two cases. For diffusion in Cu there is an 
increase in the D-values as a function of increasing r. while for a-Zr a reverse 
trend is observed. 

The two different types of D vs r dependence in crystalline Cu and Zr 
metals has been categorized by Hood 11978 ] on the basis of the ratio of the 
metallic radius to the ionic radius of the host crystalline material. For Cu 
this ratio is close to unity and Hood has termed it as "full" metal while for Zr 
this ratio is large and thus is called as "open" metal. The diffusion of various 
species in Cu is attributed to a vacancy type diffusion only. On the other hand 
the diffusion in crystalline oc-Zr is attributed to both vacancy and interstitial 
type of mechanism. 

The dependence between atomic size and tracer diffusivity has been reported 
by Hahn and Averback [1988] for the amorphous alloy Ni-Zr and is reproduced in 
Figure 5.53(d). Interestingly there is a remarkable similarity in the D vs r 
dependence of Ni-Zr metallic glass (Figure 5.54(d)) and that of crystalline a-Zr 
(Figure 5.53(c)). This similarity in the diffusion behaviour leads to the 
hypothesis that the diffusion mechanism in the two systems are alike and 
accordingly the local atomic structure may also be similar. Hence the diffusion 
in a-Ni-Zr is of interstitial type for low r diffusing species while it becomes 
vacancy type in diffusing species having larger radii (Bi, Ti, Zr, etc.,). 

Coming back to the case of Fe-B and Fe-B-Si metallic glasses shown in 
Figure 5.52, we find that there is a similarity of the D vs r dependence of 
diffusion with metallic Fe (Figure 5.53(b)) and metallic Cu (Figure 5.53(a)). 
Although the data points are few, the increase in the D-values as a function of 
r leading to a saturation level is clearly seen for the Fe-B alloys (for which 
the data is taken from the literature). The D vs r dependence for amorphous 
Fe-B-Si alloys used in the present study also clearly shows the initial rapid 
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increase in D-values as a function of increase in r. for low r values. However 
the saturation of D-values for large r has yet to be established. This can be 
done by choosing diffusing species such as Sb. Ti. Sn. etc... We have not chosen 
these materials for the present study because these tend to form globules on the 
surface after heat treatment thus obscuring the diffusion profile. Such work 
will be undertaken in future by using Fe-B-Si metallic glasses implanted with 
the above mentioned species for diffusion experiments. 

The similarity of D vs r dependence in the case of diffusion in Fe-B and 
Fe-B-Si amorphous alloys with crystalline a-Fe (and Cu) suggests that the 
diffusion mechanism and the localized atomic structure might be similar in these 
materials. 

5.14.2 Correlation of Q with atomic species and radii 

The activation energy Q for each of the diffusing species in the Fe-B-Si 
metallic glasses have been plotted in Figure 5.54, against the atomic radii of 
the diffusing species. Similar data for the Fe-B metallic glasses reported in 
the literature have also been plotted in the same figure. Apparently no 
relation between the activation energy and the radius of the diffusing species 
is observed in these cases. 

5.14.3 Correlation of 6 with Dq 

The activation energy 0 and the pre-exponential factor Dq are often depen- 
dent on each other. This dependence is exhibited in two ways: (i)from results of 
diffusion of different diffusing species in the same matrix or substrate: and 
(ii)from results of diffusion of the same diffusing species in different 
matrices or substrates of different concentrations or defect structure. Figure 
5.55 shows the relationship between lnD^ and 0 for the Fe-B and Fe-B-Si 
amorphous alloys. The open circles indicate the values for Fe-B glasses obtained 




ATOMIC RADII (A) 

FIGURE 5.54 correlation between activation energy (Q) 
and the atomic radii (r) of the diffusing species in 
Fe-B (from literature) and Fe-B-Si (present work) 
amorphous alloys. The plot does not show any definite 
trend in the variation of 0 with r. 
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Figure 5.55 Correlation between activation energy (Q) and pre- 

exponential factor (D q ) for diffusion of various elements in Fe-B 
and Fe-B-Si metallic glasses. The lines are least square fitting 
to the data points. The solid line depicts the trend in Fe-B— Si 
alloys, the larger dashed line represents the Fe-B alloys, the 
smaller dashed line represents the Ni-Zr alloy and the dashed line 

at the extreme left depicts hydrogen diffusion in metallic 
glasses. 


/ 
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from literature [Sharaa et ai. 1988a , 1988b. 1988c; Reill et al. 1985 ; Misse « 

al. 1985; Horvath et al. 1988; Edelin et al. 1981; and Luborsky 1983] and hav 

been mentioned earlier in Table 1.3. The open squares represents the dat 

obtained in the present work as well as those obtained from literature fo 
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diffusion of Si [Luborsky et al. 1982] , Fe [ Horvath et al. 1988], and N 
[Bokshteyn et al. 1981] in Fe-B-Si metallic glasses. The latter are the onl 
data available in literature on diffusion in the Fe-B-Si system and have ,beei 
mentioned earlier in Table 1.3. All these are fitted by a solid line, while th< 
values for Fe-B glasses have been least-square fitted by a dashed line. 

It is worth mentioning here that the reported diffusion data in ternary ant 
other multi-component alloys also cluster along these straight lines as shown ii 
Figure 5.55. However these data points have not been plotted for the sake oi 
clarity. Similar linear behaviour between lnD^ and 0 has been observed foi 
crystalline systems as well [Hood 1986; Kircheim and Huang 1987]. The lineai 
behaviour between lnD^ and Q indicates a relationship of the type 

Dq = A exp(Q/B) 

The values of the constants A and B for the Fe-B and Fe-B-Si systems are almost 
similar and are found to be 


for Fe-B 

system: 

A=1 . 08 v 10~ 20 m 2 /s 

B=0.051 

eV/atom 

Fe-B-Si 

system: 

-99 9 

A=2. 05*10 a /s 

B=0.049 

eV/atom 


The values of the constants A and B in these systems have been interpreted tc 

represent a particular diffusion mechanism. Sharaa et al. [ 1989 1 have compared 

the values obtained for various elements in Fe-B amorphous metallic alloys. Thej 

have reported that the data represents two distinct groups. The hydrogen dats 

falls on a straight line giving values of A and B as 8*9*10 ® /s and 

0.038 eV/atom respectively* This is shown as a dotted line in Figure 5*55* 

While all the other species fall on the other straight line giving values of 
-20 2 

8*5 V 10 m /s and 0*054 eV/atom for A and B respectively* The comparison of 
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these with those in crystalline systen shows that the values for hydrogen 
diffusion in amorphous alloys are closer to those for interstitial type of 
diffusion in crystalline metals. Thus on this basis Sharma et al. 11989] have 
argued that the diffusion of hydrogen is categorized by interstitial mechanism 
while all other species which can be termed as larger atoms and which include B, 
Si. Li, Cu, Au, Sn, etc., are governed by a single diffusion mechanism. 

Our data plotted in Figure 5.55 is in agreement with the generally observed 
linear dependence of lnD^ vs Q. However in our opinion this linear relationship 
cannot give any clue to the underlying diffusion mechanism. In support of this 
argument we have plotted the InD^ vs 0 values reported for a-Ni-Zr alloys. The 
points are shown in Figure 5.55. It is clearly seen that the least-square 
fitting follows a similar line as obtained for Fe-B and Fe-B-Si alloys yielding 

similar values for A and B, i.e. , for the amorphous Ni-Zr system: 

-22 2 

A=3. 64*10 m Vs B=0.0461 eV/atom 

Actually all the data points of Fe-B, Fe-B-Si and Ni-Zr systems can be fitted by 
a single line giving similar values for A and B as compared to the systems 
considered separately, i.e., 

A=3.46*10~ 22 m 2 /s B=0.0471 eV/atom 

We have seen in the section 5.14.1 that the D versus r dependence for a-Ni-Zr 
alloys is entirely different as compared with that observed for a-Fe-B and 
a-Fe-B-Si alloys: representing clearly the different diffusion mechanisms. Thus 
only from the linear relationship between lnD^ and 0 it is not possible to infer 
the mechanism of diffusion. The linear dependence between lnD^ and Q is actually 
a manifestation of the Arrhenius type of behaviour of the diffusion coeffi- 
cients. This point has been clearly brought out by Kircheia and Huang [1987] 
with illustrations for crystalline materials. 
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5.15 Diffusion Defect and Mechanisms 

In the foregoing sections we have inferred, from the experimental data 
obtained in the present investigations and the data published in the literature, 
the empirical relationship with which the mass transport is governed in metallic 
glasses. Actually in case of the problems of mass transport a researcher 
generally wishes to find out the details of the mechanisms of mass transport or 
diffusion on an atomic level. In this last section we will present a discussion 
on the mechanisms of atomic diffusion in amorphous alloys. 

Diffusion in a substrate takes place because of the atoms and defects in 
it. This movement or .jumps of defects and/or atoms are due to thermal vibra- 
tions of very high frequencies. This means that once in several thermal fluctua- 
tions, a vibration appears sufficiently large for an atom to overcome the energy 
barrier separating it from the next stable position. This energy barrier which 
must be overcome to reach another stable position is called the activation 
energy (Q) of diffusion. In a crystalline lattice the individual diffusion 
jumps are equivalent in nature. In general the diffusion coefficient for a 
crystalline lattice is given as 

D = a a 2 w N d > (5.2) 

where * oc is a geometrical factor; a is the diffusion jump distance; w is the 

jump frequency; is the mole fraction of defects in the substrate; and y is 

the correlation factor and is eaual to one in most cases * Expanding w and N, in 

d 

their respective exponential form and inserting in Equation 5*2 gives* 

D = aa 2 m exp((AS f +AS a )/kjx exp((-AH f -AH B )/kT] (5.3) 

where As^ and AH^are the entropy and enthalpy of formation of defects: AS^ and 
AH b are the entropy and enthalpy of motion of diffusing species; and T) is the 
vibration frequency of a diffusing atom. Comparing Equation 5.3 with the 
Arrhenius law of Equation 5.1, i.e., D = D Q exp(-Q/kT) , we get: 

D q = «a 2 yr] exp((AS a +AS f )/k) 


(5.4) 
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and Q = (AH + AH.) (5.5) 

m i 

For an amorphous alloy (unlike a crystalline lattice), the values of a , a, 1 , 
AS and AH vary between each energy barrier and the localized atomic structure is 
also differing in nature. This indicates that over an average of the whole 
structure, the activation energy would be quite high, which is not observed 
practically. Therefore it implies that with the given geometrical factors, the 
diffusion mechanism is quite specific for the individual diffusion .jumps. 

In almost all the studies of diffusion in amorphous alloys, reported in the 
literature and in the present work, the diffusion coefficients have been found 
to obey an Arrhenius law similar to that in crystalline solids. As a consequence 
°f this similarity, it is natural to extend the approach a bit further and 
utilize the existing information about diffusion mechanisms in crystalline 
solids in order to understand the diffusion mechanism in amorphous alloys. 

5.15.1 Defects 

In crystalline solids diffusion occurs via defect mechanisms namely vacancy 
®ud interstitial. In crystal lattice, a vacancy defect is defined as an unoccu- 
pied lattice site while an interstitial defect is one where the atom takes up 
regular positions upon certain energetically favoured interstices. Whereas in an 
an °rphous structure a vacancy can be defined only as a space of atomic 
dimension. In the dense random packing (DRP) model of the amorphous structure, a 
number of polyhedral holes (or cavities) are contained, and these holes can be 
supposed to be a kind of interstitial site (or in a sense, a kind of vacancy) 
like in crystalline materials. For amorphous structures, computer modeling 
studies (molecular dynamics) [ Bennett 1978] have indicated that when a vacancy 
is created artificially by removing one atom in a DRP computer model, the excess 
of space thus created is quickly redistributed over a large volume by atomic 
vibrations. This indicates that the vacancies are unstable in amorphous alloys. 
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Also, the stability of the artificial vacancy thus created depends upon which 
atom is removed. On the other hand, computer modeling studies by Finney and 
Wallace [1981] , indicate definite presence of interstitial sites surrounded by 
distorted tetrahedral and octahedral groups of atoms. The size of a tetrahedral 
interstitial comes out to be about 0.3 times the atomic diameter while an 
octahedral interstitial size is about 0.7 times the atomic diameter. These sizes 
are comparable to the regular tetrahedral and octahedral interstitial sizes in 
close packed crystals. Cantor and Ramachandrarao [1981], have suggested that 
small atomic movements can change this local interstitial structure as a conse- 
quence of which grouping of the tetrahedral interstices results into a single 
octahedral interstice. Such grouping of local interstitial structure leads to an 
interstitial site which becomes comparable to atomic size. In short, according 
to Cantor and Cahn £ 1983] and many others, vacancy in an amorphous structure is 
not characterized by absence of an atom because a space created in this way is 
unstable, but a large interstitial position can be called as a vacancy. 

Bennet et al. 11979] have put forth a different view point concerning 
vacancies in amorphous structure. According to these authors, the stability of a 
vacancy (created artificially in an amorphous structure by removing an atom) is 
very much sensitive to the type of potential used in the molecular dynamic 
simulations. Instead of a Lennard-Jones potential, if a Keating potential is 
used in the simulation of the amorphous structure, the vacancy remains stable. 
According to Chaudhari [1980] t this is related strongly to the directional 
covalent bond which preserves the local symmetry in the amorphous structure. 

The experimental investigations of the defects in metallic glasses have 
been performed by various researchers using positron annihilation methods. The 
experimental data on a variety of metallic glasses have been reviewed by 
Gopinathan and Sunder [1984]. These experiments suggest that (i) there are 
quenched-in cavities having a void volume which is less than one atom in size, 
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(ii)there are low density dilated regions with a spatial extent of about 0.5 nm. 
These observations relate well with the definition of vacancy in amorphous 
structures as given by Cantor and Cahn 11983], and with the excess free volume 
existing in the as-quenched state respectively. 

In addition to the possibility of the existence of the point defects in 
amorphous alloys discussed above, the existence of spread-out defects have also 
been suggested. The concept of spread out defect has its origin in the relaxed 
vacancy model for diffusion suggested by Nachtrieb and Handler T 1954 1 . and was 
first used by Seeger and Chik [ 1968 ] to explain the self diffusion in silicon 
and germanium near their melting points. 

The spread-out vacancy can be defined in the following way. Suppose eleven 
atoms occupy a certain volume in a disordered alloy. When one atom is removed 
and the remaining ten atoms distribute themselves over the same volume, then the 
free space so created is called as the spread-out vacancy. The spread-out inter- 
stitials can also be explained in a similar way. 

There are no direct experimental observations which can confirm the 
presence of spread-out defects, but their existence have been attributed to the 
large enthalpy of formation obtained from the pre-exponential factor Dq. 

Having discussed the possible defects in the amorphous metallic alloys, we 
will now see how the possible diffusion mechanisms can be inferred from the 
experimental diffusion data. 

5.15.2 Mechanisms 

The diffusion mechanisms discussed in the literature are analogous to the 
ones which are well established for crystalline materials, namely interstitial 
and vacancy mechanisms. The discussion of diffusion mechanism in the literature 
has always been qualitative in nature. 

In the interstitial type of mechanism the impurity solute atoms are assumed 
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to migrate through the interstitial sites described in the amorphous matrix. 
Ahmadzadeh and Cantor [1981'] have discussed the interstitial type of mechanism 
very extensively. In the diffusion of Si in amorphous Fe-B glass, Lvborsky 
[1983] , has observed a similarity in the diffusion data with that of B diffusion 
in metallic glasses, and hence has proposed an interstitial type of mechanism 
similar to that for B diffusion. Hahn and Averback [ 1988 ], have observed a 
similarity of their diffusion data of small atoms (Ni and Co) in amorphous Ni-Zr 
alloy with that of diffusion in a-Zr, and have proposed that diffusion of small 
atoms in a-Ni-Zr alloys takes place via an interstitial type of mechanism. 

Hahn and Averback , have further proposed that impurity atoms with large 
radii like Au, Ti, Zr, etc., diffuse via vacancy like mechanism using the 
quenched in excess free volume of the amorphous structure, the large atoms using 
these vacancies or excess volume as jump sites. Since this process requires only 
a rearrangement of the excess free volume into voids or vacancies by a 
coordinated motion of many atoms, the enthalpy of formation of a vacancy and 
hence the activation energy of the amorphous metallic glasses are much less than 
in the crystalline materials. Baer et al. [1981], have also observed that the 
diffusion parameters for the diffusion of P in the metallic glasses Fe-Ni-P-B 
and Fe-Ni-P-B-Cr, are similar to that for P diffusion in crystalline ot-Fe, in 
which the diffusion is controlled by vacancy formation and motion. They suggest 
that if quenched-in defects, similar to vacancies in crystals, are present in 
the amorphous alloys (as proposed in the literature) then the 0-values would be 
in the range 0.5 to 1 eV. Hence they suggest that quenched in defects probably 
do not control phosphorus diffusion in the amorphous alloys. Bohac et al. 
[1989a] have obtained diffusion parameters of Ti in amorphous Ni-Si-B alloys, 
which are very close to those known for crystalline nickel, where the vacancy 
mechanism is assumed to operate. Hence they propose that the atomic diffusion in 
these Ni-Si-B alloys is via the quasi-vacancies present in it. Horvath et al. 
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[1985,1988], and Frank et al [1988], have determined the diffusion parameters of 
P. Fe and Zr in various Fe and Zr based alloys. They propose that diffusion in 
these alloys takes place via mobile spread-out quasi-vacancies present in them. 

The variation of D-values with radii of the diffusing elements observed in 
the present work for the Fe-B-Si glasses, has been found to be similar to that 
of diffusion in crystalline ot-Fe and Cu. Nachtrieb and Handler [1954] have 
proposed, that the mechanism of diffusion in solid metals occurs by movements 
within small regions of disorder, comprising of 12 to 14 atoms, in the crystal. 
This proposal has been later used by Seeger and Chik r 1968] , to define the 
diffusion mechanism in Si and Ge. The similarity of the diffusion parameters in 
metals and metallic glasses suggests similar diffusion mechanism in them. 

Quantitative footing to the diffusion mechanism in metallic glasses has 
been given by Boksbteyn et al. [1980] and recently by Frank et al. [1988], In 
the following discussion we will consider the approach as mentioned by these 
authors. The diffusion in metallic glasses can be categorized as direct and 
indirect diffusion. 

[ajDirect diffusion: In the direct mechanism, the atomic transport of the 
diffusing elements occurs by random walk without any cooperation of mobile 
defects , i.e., vacancies, which serves as diffusion vehicles. The diffusion 
can occur by random .jumps of the diffusing elements in the interstitial 
positions, or by direct exchange of the diffusing atoms with the atoms of the 
host amorphous alloy. And the diffusivity is then expressed as: 

D = D 0 e xp(-H B /kT) (5.6) 

WherS D 0 = I I *T <X T> V T exp(S B /k) (5,7) 

where H b and S B are the enthalpy and entropy of migration of the diffusing 

element, t) t i s the number of possible paths for the .jumps, <X^> is the mean 
square of the .jump distance and is the .jump attempt frequency, 

[bllndirect diffusion: In the indirect process the diffusion is aided by 
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mobile defects such as vacancies. If the concentration of these defects are 
temperature independent the diffusivity is then given by: 

D V = Dq exp(-H^/kT) (5.8) 

where D 0 = f f v % <X v > % C v ex P( S I/ k ) (5 * 9) 

and H V and S V are the enthalpy and entropv of migration of the diffusing 

a m ' ' * 

vehicles respectively. 

The values of S and S V can be estimated from the diffusion data, using 
m m 

Equations 5.6 to 5.9. Following values for the parameters r Frank et al. 1988 1 in 

2 2 2 

Equations 5*7 and 5*9* have been used: <X,j,>=<X v >=4exp(-20) m > 

=lexp(13) s" 1 * f =0*5* and C =lexD(-2). The absolute values for S have 
been calculated from the D Q values obtained for the various diffusion couples in 
the present study. For the diffusion of Ge* Au and Pd in Fe-B-Si alloys the 
absolute values of lie in the range 20k to 30k (refer Table 5.20) while for 
Pd in the Fe-Ni-B-Mo alloy the value of S turns out to be 5.75k. The high 

Bl 

absolute value of S is indicative of the fact that diffusion is occurring by a 

m 

cooperative or collective motion via small displacements (4-6% of atomic 
distance) of individual atoms forming a group of 10-14 atoms [ Seeger and Chik 
1968 , Bokshteyn et al . 19801. On the other hand, the low value of the entropy of 
motion is indicative of direct diffusion mechanism, which is assisted by local 
contraction of immobile spread-out quasi-vacancies, leading to the jumping of 
the diffusing atoms in to the so-produced vacant spaces. For the self-diffusion 
of Fe in amorphous Fe-B and Fe-B-Si alloys also, the direct mechanism involving 
cooperative motion of atoms has been suggested by Frank et al. 11988]. 

Based on the cooperative mechanism of atoms, Bokshteyn et al. [1980] have 
presented a model for determining the relative value of the critical displace- 
ment (j Q /a), resulting in diffusion transport in amorphous alloys, and the ratio 
of the mean vibration frequency in the ground and transient states (- ) . They 
have shown that within the experimental margin of error, 



TABLE 5.20 

VALUES OF THE MIGRATION ENTROPIES OF DIFFUSING SPECIES and QUASI -VACANCIES. THE RELATIVE VALUE 
OF CRITICAL DISPLACEMENT, and THE MEAN VIBRATION FREQUENCY* IN THE METALLIC GLASSES STUDIED. 


24 



* 


















a 

m 

*«d 

tv 

CM 

00 

CO 


00 











CM 

in 

Td 

tv 

o 

IV 


tH 









rd 


C- 

iv 

CO 

CO 

CO 

in 


tH 









H 


* 

m 

* 

• 

* 

* 


* 









— 


O 

© 

o 

o 

o 

o 


tH 

X 



*■ 





II 


























to 



X 




o 

G 

d 

cd 

a> 

cd 

CD 

CD 

CD 


CM 

01 



to 




Co 
' Os 



rH 

CM 

00 

CD 

CO 

CO 


rH 

3 








c 

> CM 

CM 

rH 

rH 

rH 

rH 


CO 




o 



V 


•o 

O 

o 

o 

O 

o 

O 


o 

01 

G 



or 







© 

o 

o 

O 

o 

o 


o 

0) 

44 



«m 

O 

'H 



V 

d 











0) 




O 





* 

in 

rH 

00 

00 

CO 

CM 


00 

§ 



X 

d 




44 

to 

< 


o 

Xf 

o 

CO 

CO 

CM 


CO 

G 



to 

O 




O 

* 

to 

CO 

in 

in 




rH 

d 

to 


d 

44 

OQ 

O 

X 


57 

1 £ 

rH 


o 

o 

d 

d 

o 

o 


rH 

01 


00 

G 

*iH 

X 

g 


tv. 

o> 

to 

44 

II 










3 


-td 





X 


d 

cd 

rH 

*d 

CO 

CD 



CD 

O 


IV 


5*3 



0} 

G 

in 

tv 

CM 

CO 

CD 

CO 


CO 

-H 


1 

trfl 

O 






cm 

CM 

CM 

CM 

rH 

tH 


CO 

u 


CO 

< 


O 

o 


o 

•r> 

o 

O 

O 

O 

o 

o 


o 

d 

;> 


CM 

CO 

c 

) o 


.8 

cq 



o 

o 

o 

o 

d 

o 


O 

cm 


Q) 

a 

U-J 


X 

S 












O 


to 

cm 

* 


3 

o 












• 


O 

to 


Cc; 

rH 


I* 

CO 

IV 

a> 

00 

<*d 

CO 


CD 

03 

r— s 

d 


G 


O 

*H 



00 

o 

CO 

td 

CM 

rH 


CD 

a; 

QO 

u 

44 

3 


CQ 



o 

rH 

o 

O 

o 

© 


CO 

3 

03 


d 

44 



rH 




« 




m 


• 

rH 

to) 

CD 

X 

d 


o 

tH 

^d 


o 

o 

o 

d 

d 

© 


rH 

d 

▼H 

G 

44 

G 


i — j 

CQ 

mm 










> 

U 

p 


to 



CD 

II 












44 

X 

44 


• 

tv 



05 

CD 

in 

CO 

CO 

CD 



to 

* 

d 

S3 

*H 


cx 

to 

G 

d 

o 

CM 

in 

tv 

tH 

in 


00 

x 

•v 

to 

3 

r-H 



04 





CO 

CO 

CO 

CM 


in 

x 

d 

01 




CO 



o 

o 

O 

O 

o 

o 

O 


o 


44 

to. 


G 


CO 

«m 





• 

* 

m 

m 


• 


e 

<d 

-H 


00 

O 



o 

d 

o 

o 

o 

© 


o 


to 

0) 

o 



* 












V 

m 


44 


to 


CM 

CM 











OQ 



gP 

rH 


II 

rH 












s 

CD 

X 


d 

O 


J—- 

rH 

tH 

CD 

CD 

CD 

CD 


CD 

X 

d 

X 

d 



rH 

c 

> > 

tV 

tv 

00 

00 

CD 

CD 


CD 

G 


44 

cm 

rH 


OQ 

X 

o 

a; 

« 

* 

* 

* 

* 

• 


■* 

d 

&4 


O 

•H 


3 

o 



CM 

CM 

CM 

CM 

CM 

CM 


CM 



to 


d 



IV 











6 

OQ 

E 

C 

0 

cm 

*8 



G 

to 

t- 



CO 

CD 

CO 

CM 

CD 

m 


in 

■*<— 

G 


to 



a: 

II 



• 

• 

« 

« 

• 

* 




«m 

x 

44 

44 


aS 

Cl 

> Bl 


CO 


o 

CD 

CM 

m 


<• 

OQ 


0) 

OQ 

O 


44 


00 | 


rH 

tH 

CM 

rH 

CM 

CM 


O 

<D 

G 

G 

G 

G 






| 

1 

1 

1 

1 

I 


1 

*H 

CD 

•«H 

•H 



G 

OQ 











to. 

■3 

d 


to 


to 

d 











o 

44 

x 

G 


to 




CO 

CM 

CD 

in 

CO 

00 


in 

u 

44 

X 

to 

d 


X 

G 



* 

* 

* 

■# 

* 

• 


tv 

44 


o 

OQ 




to 

fil. 

Ad 

tH 

O 

in 

«cd 

00 

o 


• 

c 

CD 


3 

to 


03 

■s 

CO 1 


CM 

CM 

CM 

CM 

CM 

CO 


in 

0) 

G 

G 


Cg 


d 



1 

1 

1 

1 

1 

1 


i 


CD 

to 

G 

1 


X 

x 











0) 

* 

to 

to 

» 














X 


X 

to 


tv 

to 

G 



CO 

in 

00 

tV 

CD 

o 



4-3 

X 


x 

G 

cr> 

|X4 

f 

to 



rH 

rH 

rH 

-rH 

rH 

CM 


CD 


G 

to 


•H 

rn 

to 



1 

1 

1 

1 

1 

1 


1 

cm 

d 

> 

01 



H 

X 

O 

GO 

o 

o 

o 

o 

O 

o 


O 

0 


d 

d 

X 

*, 



Q 

\ 

rH 

rH 

tH 

rH 

rH 

rH 


rH 


44 

X 

X 

04 

03 

G 

03 


X 

X 

X 

X 

* 

X 


X 

OQ 

X 




O 

o 

d 


E 

CO 

00 

rH 

00 

Td 

CD 


tH 

C 

CD 

01 

■ 

X 

*H 

cm 

X 


‘ w * 

CO 

• 

* 

♦ 

* 



<• 

O 

44 

to 

X 

G 

03 




CM 

CD 

CO 

00 

CO 


uo 

*H 


3 

00 

3 


G 

03 











4-3 

to 

pH 



X 

to 

to 





CO 






d 

x 

d 

o 

to 

Cl, 

44 

03 


o 

t*- 

CM 

CO 

rH 


IV 

rH 

44 

>- 

Or 

a 


to 

03 



tv 

t"- 

in 

CO 

Td 

CO 


in 

3 



X 

G 

d 


a> 

• 

* 

• 

* 

• 

* 


♦ 

O 

G 

O 

«M 

G 

6 

d 

rH 


o 

o 

o 

o 

o 

o 

O 

tH 

rH 

•iH 

a 

O 

O 

3 

G 

w 











d 




«M 


d 



in 

CD 


CD 



00 


O 

G 

X 

to 


a 

rH 



in 

in 

CD 

rH 



CD 

G 

3 

o 


rH 



•H 

•H 

•H 

*rH 

•H 

•H 

CQ 


0) 

?> 

s 

r— t 

Qf 

44 

to 

d 



00 

00 

00 

CO 

CO 

00 

00 


X 

*H 


d 

03 

u 




CO 

CO 

CO 

CO 

CO 

CO 

CO 


-p 

V! 

Q> 

> 

to 

*r-| 

*rHl 

G 



rH 

CQ 

rH 

CQ 

rH 

OQ 

rH 

CQ 

rH 

PQ 

rH 

OQ 

»H 

25 


to 

<D 

to 

to 

a 

G 

§ 

x 

44 

O 

«M 

w 


03 

00 

CD 

00 

CD 

CO 

O 


0 

U 

X 

X 

•H 


d 

E-< 

00 


IV 

<U 

Cv 

to 

tv 

to 

tv 

to 

tV 

Q) 

tV 

<d 

to 


to 

d 

tH 

Eh 

03 

c5 

r-H 

2V 

>H 


04 

EG 

04 

04 

Pg 

P g 

to 










00 


N 

\ 

"V 

N 

N 

N 

N 


•H 


*H 




is* 

H, 



3 

P 

a? 

to 

XI 

X 

X 








r* 

• H 

p* 



< 

< 

© 

a 

CL, 

04 

to 





*H 






244 


n 1 „ .2 f V \3n-7 

D 0 " 6 V J 0 ^p*) 


(5.10) 


Q. — 38 . 5QqI1 ( Jq/e) 


(5.11) 


where 0 and Oq are the activation energies of the diffusing group of atoms of 


the amorphous alloy and the crystal respectively, is the critical displace- 


ment, a is the lattice parameter of the crystal, and n is the number of atoms in 


the group. If Q, Q^, Dq and a are known experimentally, (^ 5 .) and (jg/aj can be 


calculated from Equations 5.10 and 5.11 respectively. Bokshteyn et al. 11980] 


have shown that these values are dependant on n. Similar results have been 


obtained by us too for n equal to 4, 10 and 14, as mentioned in Table 5.20. In 


these calculations, P was taken as equal to the Debye frequency P^ for 
^ e 79^11®*10 [Bokshteyn et al . 1980], as P^ for the metallic glasses studied in 
the present thesis is not available in literature. The activation energies Qq in 
crystals for the various diffusing elements were also not available in litera- 


ture and hence taken for that of similar diffusing elements in crystalline <x-Fe 
[Askill 1979], viz., the value of 0 Q for Sb in <x-Fe. has been utilized in place 
of Ge, and for Pd the value of Q Q for Ag in a-Fe has been used. The lattice 
parameter for a-Fe has been taken as 2.866 8 [Robie et al. 1979]. As depicted in 
Table 5.20, the critical displacement for the Fe-B-Si alloys varies in value 


from approximately 2.6% to 4.3% of an atomic distance at n equal to 4; 1.6% to 
2.7% at n equal to 10; and 1.4% to 2.3% at n equal to 14 (as against 16% for 
vacancy diffusion in crystals [Flynn 1968]). For a given n, the values of j Q f& 
depend on the activation energies only. Our estimates of the relative values of 
the critical jump distances are in good agreement with that obtained by 
Bokshteyn et al. [1980] for diffusion in Fe-B-Si and Pd-Cu-Si glasses and that 
obtained by Sharaa [1986] for diffusion in Fe-B glasses. A general trend of 
increase in (p/p*) with increase in n value is observed for the Fe-B-Si alloys 
whereas the reverse is observed for the Fe-Ni-B-Mo alloy. For the Fe-B-Si 
glasses, we consistently get (p/p*) values less than 1 , which would imply that 
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the transient state is "harder" than the ground state, as also observed by 
Bokshteyn et al. 11980], for the Fe-B-Si and Pd-Cu-Si amorphous alloys. For the 
Fe-Ni-B-Mo glass the value of (*>/**) is greater than 1, implying a "softer" 
transient state, similar to that observed by Sharna [1986], for Fe-B glasses. 
However, (p/p*) is dependant on D Q and hence is sensitive to errors in D Q . 

In summary the diffusion measurements performed by us in the metallic 
glasses FeygBjgSig and Fe 78 B i 3 Si 9 indicate that the diffusion occurs via 
cooperative motion of a group of atoms. While for the Fe^gNiggBjgMo^ glass, it 
occurs via spread-out vacancies. The present work clearly suggests that the D Q 
and Q values obtained by properly taking into account the relaxation effect 
should be used to identify the diffusion mechanism on the the basis of 
quantitative estimates for entropy of migration of the diffusing species, the 
vibration frequencies, and the mean critical displacements. 

After the first measurement of diffusion in metallic glasses [Gupta et al, 
1975], large number of studies have been carried out using variety of 
techniques. However in many of these measurements the variation in D-values as 
a function of annealing time was not considered and hence in many cases the 

reported D-values may not be truly representing the diffusion in the relaxed 

i 

amorphous state. Apart from the present work, only Horvath and coworkers have 

/ ' 

done diffusion measurements in which the time dependence of diffusivity was 
studied to delineate the effect of relaxation. In fact in a recent review by 
Mehrer and Dorner [1989], the authors have stressed that the D^-values and 
O-values obtained without explicitly studying the effects of relaxation as a 
function of time are not physically meaningful for any quantitative estimates. 
For this reason we have not made comparison with all the data available in the 
literature, but limited the comparison to only those studies where relaxation 
effects were properly taken into account. 


CHAPTER 6 


CONCLUSIONS 


In the present work we have studied the diffusion of various elements (Ge, 
Pd, Au, Ag) in amorphous metal-metalloid metallic glasses Fe^gB^gSig. Fe^gBjgSig 
and Fe 40 Ni 38 B 18 Mo 4 . 

Transmission fifcssbauer spectroscopy (TMS) and X-ray diffraction (XRD) 
measurements were carried out on the Fe-B-Si metallic glasses. The samples were 
heat-treated at various temperatures from below to above glass transition 
temperature to identify the temperatures and annealing time-period which retains 
the amorphous structure of the metallic glasses. 

The surface topography of the annealed films was examined after various 
annealing treatments using Scanning electron microscopy (SEM) to detect globule 
formation on the sample surface. 


The diffusion studies were performed by annealing the diffusion couples at 
temperatures ranging from 300°C to 475°C for various time periods i.e., from 1 
hr to 16 hr. The depth versus concentration profiles of the diffusing species in 
the metallic glass were obtained using Rutherford backscattering spectrometry 
(RBS). The diffusion coefficients were obtained by comparing the experimentally 
observed depth profiles with those derived theoretically from the solution of 
the diffusion equation under appropriate boundary condition pertinent to the 
diffusion couple configuration. 


The important conclusions of TMS and XRD studies are summarized below: 

(i) The glass transition temperature (T ) as reported in literature for 
Fe 79 B 16 Si 5 is 508 ° C and for Fe 7 8 B l3 Si 9 U is 535 ° c - As obs erved from X-ray 
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and MOssbauer studies these metallic glasses remains amorphous belot 
450°C. Further the TMS and XRD measurements definitely indicate nreci cita- 


tion of the crystalline phases in Fe^BjgSig after heat-treatment for 4 hr 


at 450°C. 
treatment 


while for Fe 7 gB 13 Si g the precipitation commences after heat.- 
for 1 hr at 475°C. These results indicate that the thermal 


stability increases as B is replaced by Si in the Fe-B-Si metallic 


glasses. The various phases precipitated above these temperatures and time 


period of annealing for the two metallic glasses are t-Fe^B. t-FegB. e:-Fe 
and cv-(Fe-Si). However the amount of Fe^B phase precipitated in FeygB^Sig 
was observed to be less than that in Fe^B^gSig. 

(ii) The X-ray diffraction studies of these metallic glasses after heat- 
treatment at 600°C for 2 hr and 700°C for 15 minutes, indicate that a 


complete conversion of FegB to FegB has not yet taken place at these 
temperatures, though these are much above the reported crystallization 
temperatures. 

(iii) Metalloid dependence of the magnetic anisotropy (decrease in the angle (0) 
between the sample plane and the direction of magnetization with Si con- 
centration) has been observed in the Fe— B— Si alloys. For the as— received 
sample of amorphous Fe^B^Sig the value of 6 is 90°, whereas in the case 
of Fe 7g B 13 Si 9 it is 68°. As the time-period of heat treatment, or the 
temperature is increased the magnetization direction rotates out of the 
plane for both the glasses. The results indicate that annealing does 
relieve internal stresses in the sample which are invariably present in 
the rapidly quenched alloys. Since the direction of magnetization is 
stress sensitive, this relief in the internal stress gets reflected in the 
directional change of the magnetization axis. The effects of annealing is 
usually interpreted in terms of a reduction of the number of vacancies and 
an increase in the topological order approaching a relaxed, ideal glass. 



2 ' 


The conclusions inferred fro* the diffusion measurements. before and aftc 
relaxation of the metallic glasses (mentioned above) are summarized below 


fal before relaxation: 


(i) During the initial stages of relaxation (i.e., for annealing tine-period 
S 1 hr), the D vs 1/T plots show zero activation energy similar to the on 
reported for radiation-enhanced type diffusion in crystalline solids. Thi: 
similarity has been noticed and pointed out for the first time. 

(ii) All the three metallic glasses show a time-dependent diffusivitv. whirl 
decrease continuously with annealing time-period to a plateau value. Tht 


diffusion studies of Ge in Fe-nB., -Si,. metallic tflass indicate that the 

i y lb o 


completion of the relaxation process is characterized bv different T 
(duration of heat treatment) at various annealing temperatures T. Thus we 


observe in this case T = 1 hr at T = 450°C. T = 2.5 hr at 400°C. T = 6 hr 


at 350°C, and X = 10.5 hr at 300°C. 


Tbl after relaxation: 


(i) The plot of (plateau value of the diffusion coefficient) versus 1/T 
shows Arrhenius behaviour for the diffusion of Pd and Ge in the Fe-B-Si 
metallic glasses and for Pd in the Fe-Ni-B-Mo metallic glass in the 
temperature range 300 C-400°C. On the other hand the diffusion of Au in 
the Fe-B-Si system shows Arrhenius behaviour only if the D(t) values 
obtained for lower annealing durations at higher temperatures and 
vice-versa are utilized. It is suspected that the kinetics of 

crystallization is affected by the presence of the diffusing species, 
which in turn, affects the diffusion process and hence the diffusion 
coefficient. However in this work a direct experimental evidence in 
support of such an effect could not be given# 

The activation energies for diffusion of Pd, Ge and Au in Fe 7g B 16 Sig 
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are 0.46, 0.56, and 0.70 (eV) respectively: and the pre-exponential 

factors for the same are 8.40*10~ 19 , 9.10*10~ 18 , and 6.80*10~ 16 (m 2 /s) 

respectively. The activation energies for diffusion of Pd. Ge and Au in 

Fe 78 B 13 Si 9 are 0.31. 0.62, and 0.77 feV) respectively: and the 

pre-exponential factors for the same are 6.90*10~ 20 . 3.80*10 -17 . and 

2.80*10 (m /s) respectively. The activation energy and the 

pre-exponential factor for diffusion of Pd in Fe 40 Ni 38 B i8 Mo 4 are 1.57 eV 
—9 2 

and 5.10*10 m /s respectively. 

(ii) The D-values for the Fe-B-Si metallic glasses increases with the atomic 
radii (r) of the diffusing elements. This r versus D dependence is similar 
to the one observed for crystalline a-Fe. 

(iii) Large absolute values of entropy of migration S (>20k), are observed in 
the Fe-B-Si metallic glasses, which indicate that diffusion occurs in 
these alloys by a cooperative motion involving a group of atoms, which is 
a direct diffusion mechanism. 

(iv) For the metallic glass Fe^QNiggB^gMo^, S B is 5.7k, which indicates a 
direct diffusion mechanism involving quasi-vacancies. 

(v) A cooperative type of mechanism via small displacements (i.e., 4-6% of 
atomic distance) of individual atoms forming a group of 10-14 atoms, has 
also been inferred for the two Fe-B-Si metallic glasses, from the relative 
value of the critical .jump distance (j Q /d), resulting in diffusion trans- 
port, and the ratio of the mean vibration frequency in the ground and 
transient states (i^/p*). 

(vi) In the diffusion measurements of amorphous alloys, it is essential to 
study the time-dependence of D, to delineate the effect of relaxation. The 
Dq and 0 values obtained by properly taking into account the relaxation 
effect should be used to identify the diffusion mechanism on the basis of 


a theoretical formalism. 
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APPENDIX 1 


*** LINEAR REGRESSION ANALYSIS PROGRAM *** 

** PROGRAM TO CALCULATE THE ERRORS IN 0 AND Do values ** 
** FROM THE ARRHENIUS PLOT, WITH/WITHOUT USING ERROR ** 
** IN THE D- VALUES ** 

** Define Parameters ** 

DIMENSION WD(100) .TEMPIN(IOO) ,DLn(100) ,TEMP(100) ,D(100) 
DIMENSION WEIGHT ( 100) 

CHARACTERS ANS 
CHARACTERS NAME 
CHARACTERS ELE 
CHARACTER* 16 ALLOY 
DATA IY1,IY2/’Y\ V/ 

CONTINUE 

** Get the data file name and open input/output files ** 
WRITE!*, 2) 

2 F0RMAT(1X. ’GIVE FILE NAME, ELEMENT NAME. ALLOY NAME,’, 

1 ’e.g., 79Pd Pd Fe79B16Si5’) 

READ ( * , 3 ) NAME. ELE, ALLOY 

3 FORMAT (A4, A4. A16) 

OPEN (1 . FI LE= ’ MG ’ //NAME// ’ T . DAT ’ ) 

OPEN ( 2 . FI LE= ’ MG ’ //NAME// ’ Y . DAT ’ ) 

PRINT *. ’Give the number of data (x.y) Doints to read:’ 
READ(*.*) N 
IF(N.EQ.O) GO TO 30 
WRITE (2, 4) ELE. ALLOY 

4 FORMAT!//. 5X. ’DIFFUSION OF \A4,’ IN ’.A16) 

WRITE(*,4) ELE, ALLOY 

WRITE(*, 5 ) 

WRITE (2, 5) 

5 FORMAT (4X. ’ ’) 

WRITE(*,6) 

WRITE (2, 6) 

6 FORMAT (/,4X, ’TEMPf K) ’ ,4X, ’D(m. sa./s) ’ ,2X« ’ERROR IN LnD’ , 

1 ’ values’ ,/,27X, ’ (30% in D values)’) 

C ** Read data from the input file and write in output file ** 

DO 11 I = 1. N 

READ (1.7) TEMP(I). D(I). WEIGHT(I) 

7 FORMAT (F7. 2, E15.4. F6.2) 

WRITE(2,8) TEMP ( I ) , D(I). WEIGHT(I) 

WRITE(*,8) TEMP ( I ) , D(I). WEIGHT(I) 

8 FORMAT ( 3X , F7 . 2 , E15.4, 5X, F6.2) 

C ** Inverse the temperature (tempin) and take Ln of D (DLn) ** 

TEMPI N ( I ) = 1/TEMP( I ) 

DLn(I) = LOG(D(I ) ) 

WD( I) = 1. 

IF (WEIGHT(I).NE.O) WD(I) = 1. /(WEIGHTfl ) )**2 
11 CONTINUE 





C ** OBTAIN WEIGHTED SUMS ** 

SUM =0.0 
SUMX = 0.0 
SUMY = 0.0 
SUMX2 =0.0 
SUMXY =0.0 
DO 14 I = l.N 
SUM = SUM + WD{ I ) 

SUMX = SUMX + TEMPI N( I )*WD(I ) 

SUMY’ = SUMY’ + DLn ( I )*WD( I ) 

SUMX 2 = SUMX 2 + TEMPI N ( I ) *TEMPI N ( I ) * WD ( I ) 

SUMXY = SUMXY + TEMPI N (I ) *DLn ( I ) *WD ( I ) 

14 CONTINUE 

DIN = SUMX2*SUM - SUMX*SUMX 
ADIN = 1 . /DIN 

C ** Obtain O/k (Ok) and 0 and Ln Do (DoLn) and Do (DO) ** 

Ok = ( SUM*SUMXY - SUMX*SUMY)*ADIN 
DoLn = ( SUMX 2* SUMY - SUMX*SUMXY)*ADIN 
0 = -(Qk*0. 8614 )*1. 0E-04 
DO = EXP (DoLn) 

C ** Calculate errors in O/k (errak) and Ln Do (erdoln) ** 

•ERROk = SORT (SUM* ADIN) 

ERDoLn = SORT(SUMX2*ADIN) 

C ** Obtain the unweghted subs and the best fit chi-square value (X )** 
CHI = 0. 

51 = 0. 

52 = 0. 

CHI 2 = 0. 

DO 16 1=1, N 

51 = SI + (TEMPIN(I ) )**2 

52 = S2 + TEMPI N ( I ) 

ANUM = Ok*TEMPIN( I ) + DoLn - DLn(I) 

CHI = CHI + ANUM*ANUM*WD ( I ) 

CHI 2 = CHI 2 + ANUM*ANUM 

16 CONTINUE 

SY = CHI2/(N-2) 

CHI = CHI/N 
WRITE(2,17) CHI 
WRITE( * .17) CHI 

17 FORMAT (/. 5X. ’ CHI SQUARE FOR FIT = * .F7.5,/) 

C ** Obtain errors in O using (eql) and without using weightage in D (eq2) ** 
DEL = N*S1 - S2*S2 
EA = SORT(N*SY/DEL) 

EB = SORT (SY*S1 /DEL) 

EOl = (ERRQk*0.8614)*1.0E-04 
E02 = ( EA*0 . 8614 ) *1 . OE-04 

C **Calculate upper and lower liaits of Ln Do value for both cases 

B1 = DoLn + ERDoLn 
B2 = DoLn - ERDoLn 
B3 = DoLn + EB 
B4 = DoLn - EB 

C ** Calculate upper and lower liaits of Do value for both cases** 

B1L = EXP(Bl) 

B2L = EXP(B2) 

B3L = EXP(B3) 

B4L = EXP(B4) 



DOU = B1L - DO 
DOL = DO - B2L 
DOUU = B3L - DO 
DOLL = DO - B4L 

C ** Start writing results in output file ** 

WRITE(*. 18) 

WRITE(2, 18) 

18 FORMAT (IX, ’RESULTS CONSIDERING WEIGHTAGE IN D-values!’) 

WRITE( *, 19 ) 0. E01 

WRITE( 2 . 19 ) 0. E01 

19 F0RMAT(1X,’0 =’ ,F5.2, ,F4.2, ’ eV’) 

WRITE(*,20) DO. DOU, DOL 

WRITE (2, 20) DO, DOU, DOL 

20 F0RMAT(1X, ’Do =’,E9.2,’ (+)’,E9.2,’ and (-)’,E9.2, 

1 ’ (m.sq./s)’) 

WRITE(*,21 ) 

WRITE(2.21) 

21 FORMAT (/.IX. ’RESULTS WITHOUT CONSIDERING WEIGHTAGE ’, 

1 ’ IN D-vaiues! ’ ) 

WRITE (*,22) 0. E02 
WRITE (2, 22 ) 0, E02 

22 FORMATdX. ’0 =’.F5.2, F4. 2, ’ eV’) 

WRITE(*,23) DO. DOUU, DOLL 
WRITE(2,23) DO, DOUU, DOLL 

23 F0RMAT(1X, ’Do =’E9. 2,’ (+)’,E9.2,’ and (-)’,E9.2, 

1 ’ (m.sa./s)’) 

C ** Calculate D-values at upper and lower limit of given temperature values. ** 
D1 = DO*EXP(-Q*TEMPIN( l)/0. 8614E-04) 

DN = D0*EXP(-Q*TEMPIN(N)/0.8614E-04) 

WRITE (*,24) TEMP(l) , D1 
WRITE(2.24) TEMP(l) , D1 

24 F0RMAT(/.1X.’D (AT’, F5.0,’K) = ’, E9.3,’ m.sq./s’) 

WRITE(*,25) TEMP(N) . DN 

WRITE(2,25) TEMP(N) , DN 

25 F0RMAT(1X, ’D (AT’, F5.0,’K) = ’, E9.3,’ m.sa./s’,/) 

C ** restart the program for another set of data. ** 

PRINT *, ’ WANT TO ANALYSE ANOTHER DATA FILE ? GIVE Y or N’ 

READ(*,32)IE 
32 FORMAT (Al) 

IF(IE,EO. IY1 ) GO TO 50 
CLOSE ( 1 ) 

CL0SE(2) 

30 STOP 

END 



** EXAMPLE OP INPUT FILE FOR LINEAR REGRESSION PROGRAM ** 


723.00 

3.000E-21 

0.26 

673.00 

1. 300E-21 

0.26 

623.00 

0.400E-21 

0.26 

573.00 

0. 200E-21 

0.26 


** EXAMPLE OF OUTPUT FILE FOR LINEAR REGRESSION PROGRAM ** 

_DI FFUS][ON_OF Pd IN Fe79B16Si5_ 

TEMPI K) D(m.sq./s) ERROR IN LnD values 

(30% in D values) 

723.00 0. 3000E-20 0.26 

673.00 0. 1300E-20 0.26 

623.00 0.4000E-21 0.26 

573.00 0. 2000E-21 0.26 

CHI SQUARE FOR FIT = 0.30800 

RESULTS CONSIDERING WEIGHT AGE IN D-values! 

Q = 0.66+/-0.08 eV 

Do = 0.11E-15 (+) 0.39E-15 and (-) 0.86E-16 {m.sq./s) 

RESULTS WITHOUT CONSIDERING WEIGHT AGE IN D-values! 

Q = 0. 66+/-0. 07 eV 

Do = 0.11E-15 (+) 0.25E-15 and (-) 0.77E-16 (m.sq./s) 

D (AT 723. K) = 0.278E-20 m.sq./s 
D (AT 573. K) = 0.174E-21 m.sq./s 
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